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Line-scan focal modulation microscopy is a high-speed, high-resolution imaging technique 
capable of deep imaging of thick biological tissues. This thesis describes three different 
implementations of the line-scanning focal modulation microscope. The line-scan FMM system 
uses a cylindrical lens to condense the light beam in one dimension to form a line focus. A 1D 
fast galvanometer scanner scans the line across the sample. Phase modulation at the focal plane 
is achieved by using a tilting glass-plate phase modulator. The image of the line emission from 
the sample is scanned across a 2D camera using a second synchronized galvanometer scanner. 
The performance of the microscope is validated by imaging fluorescent beads embedded in a 
scattering gel. The signal-to-background ratio for the line-scan FMM system is 150 to 8 times 
higher than for line-scanning confocal systems depending as a function of the depth of imaging. 
Thus, this system retains its sectioning capability even at great depths. The line-scan FMM 
system has been used to image the blood flow in various zebrafish models. Comparison of the 
line-scan FMM image with different commercial microscopes shows that the FMM system has 
better spatial and temporal resolution and is well suited for high-speed in vivo imaging in 
biological tissues.  
ix 
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1  INTRODUCTION 
1.1 Introduction 
Optical microscopy is an indispensable tool for biomedical research by virtue of its high 
resolution, molecular specificity, speed and safety. Optical microcopy compared to other 
imaging techniques such as CT and MRI, is able to provide information at a molecular level by 
virtue of its higher resolution. The development of fluorescent probes allows for molecular 
specific imaging. The use of light as the imaging medium makes the technique free from 
harmful radiation. High speed imaging, along with optical sectioning, allows 3D rendition of 
volumes in optical imaging techniques [6]. It is for these reasons that optical microscopic 
techniques have found widespread application in the study of cell biology [7-10], neuroscience 
[11, 12], developmental biology [13, 14], cancer imaging [15-17] and drug development [18, 
19], to name a few. 
In vivo imaging is defined as the imaging carried out ‘within the living’, i.e. in intact and living 
organisms. In recent times, in vivo molecular imaging [16, 20-24] has gained a lot of importance 
because it allows the non-invasive study of biological processes in their natural environment 
and can be used for longitudinal studies in organisms. The three main requirements for an 
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imaging modality for in vivo molecular imaging are high resolution, high penetration depth, 
and high imaging speed. While optical microscopic techniques are capable of high-resolution 
molecular imaging, they are limited by their depth of penetration due to the scattering of light 
in biological tissues. In addition, most microscopic techniques have low imaging speed, which 
do not allow the imaging of fast biological processes. In this thesis, we describe the 
development of a high speed, high-resolution optical microscope capable of deep imaging of 
biological processes and its application for in vivo imaging. This novel microscope is called the 
Line-Scan Focal Modulation Microscope (LS-FMM). 
This chapter starts with a brief introduction to the development of optical microscopy, followed 
by the motivation behind developing the Line-Scan Focal Modulation Microscope. It also 
includes a brief outline of the thesis.   
1.1.1 Optical Microscopy 
The optical microscope or light microscope is a type of microscope that uses visible light and 
a system of lenses to magnify images of small samples. The microscope must accomplish three 
tasks: produce a magnified image of the specimen, separate the details in the image, and render 
the details visible to the human eye or camera. Although a Dutch spectacle maker, Zacharias 
Janssen claimed to have invented the compound microscope more than 400 years ago, it was 
Anton van Leeuwenhoek who brought microscopes to the attention of biologists. The optical 
microscope remains an invaluable tool for biologists, chemists, and physicists alike. Despite 
numerous improvements in performance and usability, the basic principles behind the optical 
microscope remain the same today as 400 years ago. [61]  
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Optical microscopy has several advantages over other imaging techniques. Firstly, optical 
techniques have greater resolution compared to all other imaging techniques. Submicron 
resolution can be easily achieved using an optical microscope. Secondly, the radiation is non-
ionizing, and is therefore safe. Imaging techniques such as X-ray, MRI and PET lack the 
submicron resolving power offered by optical microscopic techniques and are not suitable for 
visualization of microstructures in biological system. Furthermore, they also lack the richness 
in molecular contrast as compared to fluorescence techniques, which have been crucial for the 
functional study of many biological processes.  
However, the imaging depth of optical microscopes is limited to approximately <1mm. This is 
due to scattering of light in tissues. 
1.1.2 Light Scattering in Tissues 
Absorption and scattering are two phenomena that play an important role in the optical signal 
arising from biological tissues. In most biological tissues, absorption of light is negligible 
compared to scattering, particularly in the near-infrared wavelength range. Scattering is the 
deflection of a light ray from its original direction. Elastic scattering occurs when the photon 
Figure 1-1. Signal generation and fluorescence collection in clear tissue (no scatter) and 
in scattering tissue (scatter). Adapted from [4]. 
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energy is conserved. Elastic scattering depends on the size of particles it interactions as well as 
the refractive index inhomogeneity. In general, scattering is high in biological tissues as cells 
are a heterogeneous mixture of molecules and supramolecular structures with varying 
morphologies and molecular polarizations [25]. Usually, the average distance between 
scattering events, known as the scattering mean free path (MFP), is used to describe the strength 
of scattering. The MFP of biological tissues varies from 10 − 100 μm [26].  
In clear tissue, all excitation light reaches the focus, but in scattering tissue, scattering (even by 
a small angle) causes light rays to miss the focus and be lost to signal generation. This leads to 
an approximate exponential decrease in excitation with depth. In clear tissue only, fluorescence 
light rays initially emitted into the collection cone, determined by the objective's NA, but in 
scattering tissue, fluorescence light is (multiply) scattered and may even 'turn around'. 
Fluorescence light apparently originates from a large field of view, but a larger fraction than in 
the non-scattering case is actually within the angular acceptance range θf of the objective. 
Scattering in both the excitation and the emission pathway can severely limit the penetration 
depth of optical microscopy by degrading the contrast of the image [27]. A measure of the 
contrast in an image is usually given by the signal to background ratio, which is the magnitude 
difference between the signal and the background relative to the background. In most cases, an 
excitation photon can undergo multiple scattering steps when it propagates through the tissue 
(Figure 1-1). This scattering greatly weakens the ballistic (unscattered) excitation power that 
reaches the focal plane. Generally, the ballistic power follows the Lambert-Beer-like 
exponential decline with imaging depth z: 
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with scattering length constant ls and surface power P0. Thus, the ballistic excitation power 
usually reduces greatly after a few scattering MFP, and hence lowers the fluorescence signal 
generation at the perifocal volume.  
Conversely, the total power decays more slowly, as 1/depth, for depths beyond one transport 
MFP and thus could overwhelm the ballistic fraction even for depth as small as one scattering 
MFP. As the excitation photons deviate from their intended pathway due to scattering, the 
absorption of these scattered photons would generate out-of-focus background fluorescence 
that is non-negligible compared to the in-focus signal fluorescence, especially when imaging at 
great depths. This background fluorescence, if detected, degrades the contrast of the in-focus 
features. As the background fluorescence begins to dominate the collected fluorescence, it 
becomes meaningless to image deeper into the specimens [28]. 
Moreover, as scattering in biological tissue is predominantly forward-directed, a large portion 
of the scattered light in the illumination cone are only slightly deviated from its ballistic path, 
as can be verified by Monte Carlo simulation [29]. This slightly deviated portion of photons, 
also known as snakelike photons, leads to a blurred halo of background fluorescence 
surrounding the in-focus signal fluorescence [28], and hence leads to a broadened effective 
illumination point-spread-function especially at large depths. 
Fluorescence emission is an incoherent process, and thus random in direction. Without 
endogenous scatterers, only the fluorescence that is initially emitted into the collection cone of 
the objective will be detected. However, this is not the case in turbid media such as biological 
tissues. Firstly, scattering can cause the in-focus fluorescence signal to deviate from its original 
emission trajectory and miss the objective, hence lowering the contribution of ballistic signals 
(Figure 1-1) in the collected fluorescence. Secondly, as the fluorescence emission is scattered 
out of its way in the tissue, some of the fluorescence emitted from out-of-focus region is also 
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deflected into the trajectories that pass through the confocal pinhole and are detected, thus 
degrading the signal-to-background ratio of the detected signal. Hence, if the sample under 
observation is thick; the contribution of scattered photons in the detected signal will easily 
overwhelm the ballistic photons after 1 or 2 MFP. 
1.1.3 Deep Imaging in Tissues    
The achievable penetration depth of optical techniques depends largely on the optical properties 
of the specimen [30]. Relatively transparent organisms, such as the zebrafish, Danie rerio, 
early-stages of roundworm Caenorhabditis elegans and fruit fly Drosophila melanogaster, 
allow deep penetration of the incident light beam using basic light and fluorescence microscopy. 
These organisms are therefore very popular for studying developmental genetic, neuroscience 
and other in vivo processes. However, most other organisms and their body parts are so opaque 
that it is impossible for the current state-of-art microscopy techniques to achieve more than a 1 
mm penetration depth with uncompromised image quality. For instance, one can resolve little 
or no cellular details within the cerebral cortex without first drilling holes on the skull of 
mammals. Very often, this is done with an invasive biocompatible window opened on the skull 
of a mouse brain to allow an imaging depth up to 600 µm [31], which corresponds to the cortical 
layers 1 − 3 [32], yet is still very shallow. 
Secondly, as described above, the onset of out-of-focus fluorescence light due to scattering near 
the top of the sample causes the SBR to drop with an increase in the penetration depth. At large 
imaging depths (>1 MFP), this out-of-focus background fluorescence will gradually overwhelm 
the in-focus signal, thereby causing a loss in the image contrast. It is for this reason that a 
conventional single photon confocal microscope [33] is limited to a penetration depth of about 
100 µm in optically dense tissues. Imaging depths of up to 1.4 mm have been achieved using 
two- and three-photon microscopes [21]. However, not only are the pulsed lasers required for 
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multiphoton microscopy (2P/MP) expensive, but also these techniques are very limited on the 
availability of fluorescence probes that can be excited using near-infrared light and are very 
technically demanding [34] to be adopted by most biological research groups. Other deep 
imaging techniques such as optical coherence microscopy (OCT) and photoacoustic 
microscopy (fPAM) do not offer the sub-micron resolution of confocal and multiphoton 
techniques. Optical projection tomography (OPT) is not suitable for in vivo imaging, as it 
requires optical clearing by chemicals, which is tedious and time-consuming. Selective plane 
illumination microscopy (SPIM) can provide high-resolution images at depths less than 1 MFP 
(mean free path), but is not diffraction limited at depths >1 MFP. 
 
Figure 1-2. The penetration depth and resolution of modern photonic imaging techniques 
is depicted. Adapted from [35]. 
Focal modulation microscopy [5, 29] is a novel single photon excitation technique that can 
provide deep imaging capabilities at high spatial resolution. An imaging depth of 600 µm has 
been demonstrated in chicken cartilage. The improved penetration depth in FMM is due to the 
background rejection capability of this technique. The theory and principle of FMM is expanded 
in Chapter 3. At the heart of the FMM system is a spatio-temporal phase modulator. The main 
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limitation of focal modulation microscopy is the very low image acquisition speed. The 
maximum imaging speed achieved by the first FMM prototype was 0.02 fps, for an image size 
of 512 x 512 pixels. Other approaches to implement the spatial light modulate were also 
implemented [20, 29, 36]. In spite of these approaches, the maximum speed that could be 
achieved for 512 x 512 pixels was 0.48 fps [20].  This brings us to a very important 
consideration, which regards the temporal resolution required by a microscopy system for real 
life biological applications, and is explored in the next section.  
1.1.4 Fast Imaging in Biological Samples 
 
Figure 1-3. Major experimental areas grouped according to timescale and spatial range. 
Adapted from [4] 
Present day biomedical research relies heavily upon optical microscopy techniques for 
understanding the fundamentals of systematic cell and developmental biology [37], for early 
detection and diagnosis of major human diseases and, to study the pharmacological response of 
different drugs. Different phenomenon such as the interaction of proteins within cell 
membranes, the transport phenomenon in cells, cytoskeletal movements amongst others 
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molecular structures can be visualized using optical microscopy. These processes take place on 
different timescales and at different spatial ranges as depicted in Figure 1-3. [4] 
A number of schemes have been implemented to improve the temporal resolution of existing 
optical microscopes, to enable imaging of different biological phenomenon shown in Figure 1-
3. Some of these techniques are reviewed in Chapter 2. 
1.2 Thesis Objectives  
Develop an optical microscope that can provide both high temporal resolution as well as deep 
imaging capability. This would provide a major breakthrough in the field of biomedical 
imaging. The objective of this work is to design and implement one such system, and is known 
as the line-scan focal modulation microscope, whilst also validating its performance with real 
life biomedical problems. 
1.3 Thesis Overview 
This dissertation is arranged as follows. First, an in-depth discussion on existing high-speed, 
deep-imaging techniques followed by the basic principle of FMM along with the mathematic 
model will be presented. Chapters 3, 4 and 5 will describe the design and development of the 
first, second and third version of the line-scan FMM system along with advantages and 
shortcomings. Thereafter the experimental results will be discussed, highlighting the improved 
deep imaging and sectioning effect in addition to high-speed image acquisition. Next, a brief 
comparison of the in-house developed system with commercially available fast imaging 
microscopes. Finally, the dissertation will end with suggestions for future developments and 
imaging techniques that could be integrated with the line-scan focal modulation microscope. 
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2   LITERATURE REVIEW 
2.1 Introduction 
Optical microscopy is an excellent tool for cellular and sub-cellular imaging by virtue of its 
high resolution. However, it is limited in its imaging depth due to the scattering of light in 
biological tissues. A number of techniques have been developed to improve the penetration 
depth. First amongst these is the confocal microscope. A confocal microscope [33, 38, 39] uses 
a pinhole in the detection pathway for rejection of out-of-focus light and is able to achieve a 
maximum penetration depth of approximately 200 microns in biological tissues. Multiphoton 
microscopy is the current gold standard for deep imaging. It uses a nonlinear excitation of the 
fluorophore, which is confined only at the focal volume. Use of NIR light allows imaging 
depths of up to 1.5 mm in biological tissues. Both confocal and multiphoton microscopes use 
raster scanning of the laser beam across the specimen to generate the image [27]. This limits 
the imaging speed to less than 30 fps.  
Other approaches have been developed to achieve the temporal resolution required to image 
fast biological processes. Presented below is a summary of the approaches that provide both 
high temporal and spatial resolution as well as deep imaging capability. 
2.2 Spinning Disk Confocal Microscope 
A spinning disk microscope [40, 41] also known as tandem scanning microscope, uses a 
spinning disk or Nipkow wheel, which has a spiral pattern of holes on it, to scan multiple points 
at the same time. As the wheel rotates, the entire specimen is scanned. One side of the spinning 
disk provides the holes for scanning, and the opposite half provides the matching pinholes for 
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the detector. During the subsequent scan, as the wheel rotates, the scanning and detection 
pinholes swap places and in this way the whole region of interest can be imaged very quickly 
and in real-time. 
The major disadvantage of this type of parallel scanning system is that the confocality is 
compromised because some out-of-focus light does return through the wrong pinhole [42]. This 
phenomenon is known as pixel crosstalk and it is especially pronounced while imaging thick 
samples resulting in haze and blurring. Thus, spinning disk confocal microscopes are not 
suitable for deep tissue imaging. 
2.3  Line-scanning Confocal Microscopes 
Line-scanning or slit-scanning systems [3, 43-48] are implemented with the sole purpose of 
improving the image acquisition speed. A line-scanning system in its simplest form uses a 
beam-shaping lens to convert the excitation light beam into a line. The diffraction-limited line 
is then scanned across the sample by a 1-dimensional scanning mirror. Parallelism is introduced 
into the system by illuminating the sample along a line as opposed to a single point. By 
eliminating the need to scan the beam in one direction, the entire image acquisition can be 
Figure 2-1. (a) Top view and (b) side view of the line-scanning confocal system. CL1: 
Cylindrical lens; AOD: Acousto-optic scanner, OL: Objective Lens. Adapted from [3] 
(a) 
(b) 
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speeded up. For example, for an image size of 512 x 512 pixels, by scanning the sample with a 
line of 512 pixels in height, a 512 times improvement in the image acquisition can be obtained. 
The most commonly used method for generating the line is to use a cylindrical lens (CL1) as 
depicted in Figure 2-1 [3]. A cylindrical lens focuses the light only in one direction. A 
collimated beam of light passing through a cylindrical lens will be focused in the direction 
parallel to the axis of the cylindrical lens, while in the other direction it will remain collimated. 
Thus, a focused line will be formed at the focal point of the cylindrical lens. Such a system is 
anamorphic and the top and side views are different as depicted in Figures 2-1(a) and (b) 
respectively. 
A Powell lens may also be used as the line-shaping optical component. An example of a line-
scanning system using a Powell lens, is a high-speed Raman microscope [49]. The main 
advantage of using a Powell lens is that it generates a uniform line as opposed to a cylindrical 
lens, which generates a Gaussian beam with lower light intensity towards the edges of the light 
beam. 
A confocal line-scanning system employs a slit in the detection optics for rejection of out-of-
focus light. A linear CCD or line-scan camera is typically used for image formation [3, 4]. 
However, such a system is confocal only in the direction perpendicular to the line. The OTF of 
the confocal line-scanning microscope (Figure 2-2 (a)) perpendicular to the line (CL2M(y)) is 
similar to that of a confocal laser scanning microscope (CLSM). However, in the direction 
perpendicular to the line (CL2M(x)), the OTF is poorer and similar to that of a non-confocal 
microscope. The fundamental limit of resolution of the line-scanning microscope is equal to 
that of the CLSM perpendicular to the line focus (𝑙𝑦 =  4𝑁𝐴 𝜆⁄ ) and equal to the wide field 
resolution limit in the direction along the line (𝑙𝑥 =  2𝑁𝐴 𝜆⁄ ). Along the axial direction, the 
OTF of the line-scanning microscope is much poorer than the point scanning system, thus 
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indicating that it has poorer sectioning capability. However, the frequency limits ( 𝑙𝑧 =
 2𝑁𝐴2 𝜆⁄ ) are similar.  
In spite of this, the line-scanning confocal system has much better depth discrimination 
compared to parallel point scanning confocal systems. In addition, due to longer integration 
times in line-scanning confocal systems, it is expected that the signal-to-noise ratio can be much 
better than point-scanning confocal systems. This results in better transfer of frequencies for 
the line-scanning microscope.  
Next, two commercial line-scanning microscopes are discussed along with their advantages and 
limitations. 
2.3.1 Meridian Insight 
Meridian Insight line-scanning microscope uses a cylindrical lens for forming the line focus, 
which passes through a conventional dichroic and is scanned across the specimen by a single 
scanning mirror. The returning light is descanned by the mirror, is reflected by the dichroic, and 
subsequently passes through a confocal slit. The light is then sent back to the double-sided 
Figure 2-2. Comparison of the theory of line-scanning confocal microscopes. (a) 
Lateral and (b) axial OTF for line scanning (CL2M) and point scanning confocal 
(CLSM) and wide-field microscope [4]. 
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scanning mirror, and rescanned across a 2D CCD camera (Hamamatsu C4880) for image 
formation. 
As the fluorescence is rescanned across the detector, dark noise becomes high because the 
sensor is measuring along the whole scan area including the parts where the sample is not 
illuminated. The use of line cameras, as detailed below, solves this problem as it measures only 
in the area where the sample is illuminated. 
2.3.2 Carl Zeiss LSM 5 Live 
The Carl Zeiss LSM 5 Live microscope (Figure 2-4) uses a cylindrical lens to form the line 
focus, which is scanned across the sample using a 1D-galvanometer scanner. A line detector 
with 512 pixels and a line-rate of 60 KHz detects the fluorescence. For separation of the 
excitation light from the emitted fluorescence, the LSM5 Live uses a special type of beam 
splitter known as an achrogate. It consists of a line-shaped reflective material placed in the 
centre of an otherwise transparent body. The diffraction-limited, narrow (100 µm wide) 
excitation beam is reflected by the achrogate while the incoherent fluorescent emissions pass 
through to the detector with minimal loss (~2%). However, this type of beam-splitter does not 
allow the LSM 5 Live to be used for reflection mode imaging.  
Figure 2-3. Diagram of the Meridian Insight line-scanning microscope. Adapted from [2]. 




Figure 2-4. Imaging of pollen grains using (a) point scanning confocal LSM 510 META, 
(b) line-scanning (LSM 5 LIVE), and (c) MSM (Uktraview LCI, Yokogawa CSU 21). 
An imaging speed of 180 fps has been demonstrated for the Carl Zeiss LSM 5 Live. However, 
this microscope has not been very popular and has since been discontinued. The primary reason 
for this could be the poor sectioning capability of the line-scanning confocal system in the 
direction along the line focus. 
2.4 Light-sheet Microscopy 
Light-sheet microscopy is also known as selective plane microscopy (SPIM) [50-52] because 
it uses a thin sheet of light to illuminate the sample with a plane of visible light. The generated 
fluorescence in the thin optical section is then captured by a wide-field camera oriented 
orthogonally to the light sheet. The thinness of the light sheet determines the optical sectioning 
capability of the microscope and the lateral resolution is determined by the detection optics. As 
the detection and illumination optics are orthogonal to each other, higher imaging speeds are 
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possible due to parallel image capture. The photo damage is also reduced since only a single 
focal plane of the sample is illuminated at a time.   
SPIM offers a practical and economic implementation for fast, volumetric imaging within a few 
MFP. However, the resolution is not diffraction-limited (as in confocal or 2P/MP microscopy) 
for depths approaching 1 MFP and beyond. In addition, the mounting of samples for SPIM is 
extremely complicated due to the orthogonal objectives for excitation and detection.  
2P-SPIM [53, 54] can be used to improve the penetration depth of SPIM, but again requires the 
use of very expensive nonlinear laser sources and is not very easy to implement.  
2.5 Multi-focus Multiphoton  Microscopy 
For the imaging of layers within strongly scattering specimens, such as skin and brain at depths 
of about 250 µm or more, an intense light source is necessary. In addition fast scanning in the 
range of femto second is preferable. A single photon process in not able to penetrate deeper into 
such specimens. Scattering events relevant to microscopy are second and third harmonic 
generation (SHG, THG), as well as coherent anti-Stokes Raman scattering (CARS), which 
generate signals and are not accessible through single photon interaction. The use of multi 
photon processes can circumvent these limitations. The most prominent is the confinement of 
signal generation to the focal region, where the simultaneous occurrence of multiple photons is 
highest. Moreover, deeper penetration into strongly scattering specimens is possible. However, 
multi-photon events have a low probability of occurrence. This could be compensated by a 
pulsed source of radiation that can yield large excitation intensities in conjunction with the 
strong focussing by the objective lens of the microscope. Large intensities can however lead to 
radiation damage of the tissues. Multi-photon absorption may also lead to saturation. 
Except in the case of imaging into the strongly scattering tissue, the power of presently available 
lasers usually greatly exceeds the power required at a given point. More than 90% of the laser 
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power is discarded because it may be detrimental to the tissue. Therefore, the use of several 
parallel foci may be regarded as an obvious solution to this problem. By splitting up the beam 
of a laser into several ‘beamlets’ and applying multiple, well-separated foci simultaneously, a 
much larger fraction of the available laser power can be utilized. At the same time, it can 
parallelize the imaging process without significantly compromising the resolution. This process 
is referred to as multi-focal multi-photon microscopy (MPM). 
2.6 Temporal Focusing for MPM 
Temporal focusing methods [1, 55, 56] make use of an ultra-short excitation beam in which the 
pulsed excitation field is compressed as it propagates through the sample, reaching its shortest 
duration at the focal plane, after which it stretches out again. The depth-resolved multiphoton 
signal is collected from the entire illuminated frame using wide field detection. The difference 
between the standard multiphoton technique and temporal focussing are compared in Figure 2-
5.  
The principle of the scanning-less TPEF microscope is also depicted in the Figure 2-6 on the 
right. A short pulse impinges upon a scatterer. At a point P further away, the pulse duration is 
longer due to the difference in the length of trajectories taken by the rays reaching it from 
different locations on the scatterer. Only at the image plane of the telescope is the pulse duration 
restored to its initial value, in accordance with the Fermat principle. In the experimental setup, 
the input beam impinges upon a grating aligned perpendicular to the optic axis of the 
microscope. The grating is imaged through a high magnification telescope, comprised of an 
achromatic lens and a microscope objective, on the sample. Fluorescence is epi-detected and 
imaged onto a CCD using a dichroic mirror. 




Oron et al [1] propose that video rate imaging is possible with this technique. However, the 
maximum achieved imaging speed reported in the manuscript was 0.33 fps for a field of view 
of 140 x 140 µm, while imaging a drosophila egg-chamber stained with DAPI. 
As seen above, temporal focusing requires the use of ultra-short (<30 fs) pulsed lasers. These 
lasers are much more expensive compared to the laser sources used for standard multiphoton 
microscopy. Another disadvantage of using very short pulses  (<20 fs) is that they suffer from 
significant material dispersion, and due to the extremely large bandwidth of the excitation pulse, 
chromatic aberrations induce some smearing of the focal depth curve (of the order of 1 µm).  
2.7 Discussion 
The three main requirements for an imaging system for in vivo imaging are high spatial 
resolution, deep imaging capability, and high temporal resolution.   
Confocal microscopy, focal modulation microscopy and multiphoton microscopy are capable 
of providing diffraction-limited spatial resolution. While confocal microscopy is limited to 
Figure 2-5. Left: Comparison of multiphoton microscopy with (a) spatial focusing and (b) 
temporal focusing. Right: (a) Principle and (b) experimental setup of scanningless depth 
resolved microscopy [1].  . Adapted from [1]. 
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about 200 µm in imaging depth, multiphoton microscopy can image down to 1.4 mm deep in 
optically thick tissues. SPIM can provide deep imaging but is not diffraction limited after 1 
MFP.  
In terms of temporal resolution, point scanning systems are limited to >30 fps. A line-scanning 
system can however increase the frame rate to enable high-speed imaging. However, line-
scanning confocal systems have poor sectioning capabilities. Therefore, they have not been 
successful in the microscopy market. Various schemes such as temporal focussing and pulse 
splitting have been implemented to increase the acquisition frame rate for MP systems. 
However, all these techniques require higher power ultra-short pulsed lasers that are extremely 
expensive compared to conventional MP lasers. The high cost and specialized operating and 
tuning capabilities required for these techniques, do not allow these systems to be widely used.  
Focal modulation microscopy is an emerging optical microscopy technique, which has 
tremendous potential in deep imaging in biological tissues by providing a sharp increase in the 
signal-to-background ratio. The spatial resolution of FMM is diffraction-limited and slightly 
better than a confocal system. As FMM uses one-photon excitation, its cost is also lower 
compared to MPM. Improving the image acquisition speed of FMM will allow it to be used as 
an excellent tool for in vivo imaging.   
Hence, with the aim towards improving the temporal resolution of FMM, it was decided to 
design and implement a line-scanning FMM system. It is believed that the improved signal-to-
background ratio of FMM will allow the line-scanning FMM to have better sectioning 
capability compared to the line-scanning confocal system. Moreover, it can also be envisioned 
that the line-scan system to be a high-resolution, high-speed, deep imaging tool for cellular-
level in vivo imaging. 
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3 PRINCIPLE AND THEORY OF 
FMM 
3.1 Introduction 
Focal modulation microscopy (FMM) [5, 57] is a novel optical microscopy technique based on 
single photon excited fluorescence. It can provide sub-micron spatial resolution at large 
penetration depths in living tissues mainly by preserving the signal-to-background of the image. 
The following sections review the principle and theory of focal modulation microscopy, and 
provide an overview of FMM terminology.  
3.2 Focal Modulation Microscopy Theory 
 FMM makes use of a spatio-temporal phase modulator to sinusoidally modulate the phase (at 
frequency 𝑓) of half of the incident light beam (Beam 1). The two half beams are spatially 
separated from each other until they reach the focal point in the sample. Due to the phase 
difference between the two beams, interference occurs when they superimpose at the focal 
point, causing the incident light to be modulated at the same frequency (𝑓 ) as the phase 
modulation of the half beam. Fluorescence emissions arising from the focal point are also 
therefore modulated. Now, both ballistic and scattered photons can reach the focal point. 
However, only the ballistic photons will be modulated at frequency 𝑓 as they have well-defined 
phase and polarization, whereas the scattered photons will be unmodulated. Thus, by separating 
out the modulated emissions from the stationary emissions, it is possible to remove the 
contribution of scattered excitation photons from the signal, thereby improving the signal-to-
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background ratio. By virtue of this principle, a focal modulation microscope is able to achieve 
an imaging depth of about 600 µm with single-photon excitation [5].  
Mathematically [57], the excitation field of FMM at the focal point can be expressed as the sum 
of two half beams ℎ𝑖1 and ℎ𝑖2.  
𝐸𝑖 (𝑟𝑖) =  ℎ𝑖1(𝑟𝑖) +  ℎ𝑖2(𝑟𝑖) 𝑒
𝑖ɸ(𝑡)   (1) 
Where, 𝑟𝑖  is the spatial coordinate. The ℎ𝑖2  half beam is phase modulated with a periodic 
function ɸ(𝑡) (at the modulation frequency 𝑓). The corresponding excitation intensity around 
the focal spot is thus given by: 
𝐼𝑖(𝑟𝑖) =  |𝐸𝑖(𝑟𝑖)|
2 =  𝐸𝑖(𝑟𝑖) × 𝐸𝑖
∗(𝑟𝑖) = (ℎ𝑖1 +  ℎ𝑖2(𝑟𝑖) 𝑒




Expanding Eqn. 2, we obtain: 
𝐼𝑖(𝑟𝑖) =  |ℎ𝑖1|
2 +  |ℎ𝑖2|
2 + 2|ℎ𝑖1 ℎ𝑖2
∗ |  cos(ɸ(𝑡) + arg(ℎ𝑖1 ℎ𝑖2
∗ ))   (3) 
It can be seen from Eqn. (3) that the first two terms are the fraction of the excitation intensity 
that remain unchanged over time, while the last term corresponds to the oscillatory intensity at 
the modulation frequency 𝑓 . In a FMM system, the unmodulated field ℎ𝑖1(𝑟𝑖)  and the 
modulated field ℎ𝑖2(𝑟𝑖) are spatially separated by the spatio-temporal phase modulation up to 
the objective aperture. The excitation intensity is therefore a constant, except at locations 
around the focal point, where there is a significant overlap between ℎ𝑖1(𝑟𝑖) and ℎ𝑖2(𝑟𝑖). At the 
focal point, ℎ𝑖1(𝑟𝑖) and ℎ𝑖2(𝑟𝑖) are usually in phase so that arg(ℎ𝑖1 ℎ𝑖2
∗ ) = 0. 
When the two half-beam are in-phase with each other (cos(ɸ(𝑡)) = 1), the excitation intensity 
at the focal plane is maximum can be expressed as: 
𝐼𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 =  |ℎ𝑖1|
2 +  |ℎ𝑖2|
2 + 2|ℎ𝑖1ℎ𝑖2
∗|   (4) 
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The minimal intensity occurs when the two half beams are 180 degrees out of phase 
(cos(ɸ(𝑡)) = −1), and is given by: 
𝐼𝑜𝑓𝑓−𝑝ℎ𝑎𝑠𝑒 =  |ℎ𝑖1|
2 +  |ℎ𝑖2|
2 − 2|ℎ𝑖1ℎ𝑖2
∗|  (5) 
The difference between the in-phase and off-phase intensity yields, 
𝐼𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 − 𝐼𝑜𝑓𝑓−𝑝ℎ𝑎𝑠𝑒 =  4|ℎ𝑖1ℎ𝑖2
∗|  ≈ 𝐹𝑀𝑀    (6) 
The |ℎ𝑖1ℎ𝑖2
∗| term of Eqn. (6) is proportional to the oscillatory FMM signal in Eqn. (3). Thus, 
by taking the difference between the in-phase and the off-phase signal, it is possible to retrieve 
the FMM signal. 
3.2.1  Point Spread Function 
The illumination intensity point spread function (PSF) of FMM has been calculated using the 
scalar diffraction theory and is shown in Figure 3-1. It has been found that when the two half 
beams are in-phase with each other (ɸ(𝑡) =  0); the intensity distribution along the optical axis 
is identical to the illumination point spread function of CM. Whenɸ(𝑡) =  𝜋, there will be a 
strong destructive interference at the focal spot, leading to the off-phase intensity profile 
(dashed) shown in Figure 3-1 (Left). The difference between these two excitation intensity 
profiles is the effective illumination point spread function in FMM.  
Due to the differential mechanism of FMM, negative side lobes are present in both the axial 
and radial excitation PSF of the FMM. In order to extract the FMM signal, an aperture pinhole 
of size slightly smaller that the central lobe must be used in order to exclude the negative side 
lobes from the detected signal. If these negative side lobes get included into the detected signal, 
the FMM signal will be drastically reduced. 
The detection PSF for an FMM system is identical to that of a CM system as both systems 
employ the same detection optics. 




3.2.2 Signal-to-Background Ratio 
The theoretical signal-to-background ratios for FMM and CM are calculated using a model that 
combines the scalar diffraction theory with Monte Carlo simulation, and the dependence of 
SBR on penetration depth is examined and compared for both modalities [57]. 
When the excitation and detection optics are focused at the focal point 𝑟𝑓, the total CM signal 
can be expressed as a sum of four terms: 
𝐼𝐶𝑀(𝑟𝑓) =  𝐼𝐶𝑀
𝐵𝐵(𝑟𝑓) +  𝐼𝐶𝑀
𝑆𝐵 (𝑟𝑓) + 𝐼𝐶𝑀
𝐵𝑆 (𝑟𝑓) +  𝐼𝐶𝑀
𝑆𝑆 (𝑟𝑓)   (7) 
Figure 3-1. (Left) Simulated excitation intensity profile along the axial direction of the in-
phase, out-phase and FMM signals based on scalar diffraction theory. (Right) Simulated 
excitation intensity profile along lateral direction of the CM and FMM. 
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Where, 𝐼𝐵𝐵  = ballistic excitation and ballistic emission photons, 𝐼𝑆𝐵 = scattered excitation and 
ballistic emission photons, 𝐼𝐵𝑆  = ballistic excitation and scattered emission photons, 𝐼𝑆𝑆  = 
scattered excitation and scattered emission photons. 
 
Figure 3-2. Normalized intensity and signal-to-background ratio for various depths. (a) 
FMM signals 𝑰𝑭𝑴𝑴
𝑩𝑩
 (dashed-dotted) and 𝑰𝑭𝑴𝑴
𝑺𝑩









 (circles), and 𝑰𝑪𝑴
𝑺𝑺
 (pluses); (b) SBR for FMM 
(circles) and CM (asterisks). Adapted from [57]. 
Where 𝐼𝐶𝑀
𝐵𝐵(𝑟𝑓) is the desired signal. The other three terms contribute to a background defined 
as 𝐼𝐶𝑀
𝐵𝐾 =  𝐼𝐶𝑀
𝑆𝐵 + 𝐼𝐶𝑀
𝐵𝑆 + 𝐼𝐶𝑀
𝑆𝑆  . The signal to background ratio (SBR) is thus defined as: 
𝑆𝐵𝑅𝐶𝑀 =  𝐼𝐶𝑀
𝐵𝐵 𝐼𝐶𝑀
𝐵𝐾⁄    (8) 
Due to the differential mechanism of FMM, the total FMM signal is given by: 
𝐼𝐹𝑀𝑀(𝑟𝑓) =  𝐼𝐹𝑀𝑀
𝐵𝐵 (𝑟𝑓) +  𝐼𝐹𝑀𝑀
𝐵𝑆 (𝑟𝑓)   (9) 
while the signal to background ratio is simply: 
𝑆𝐵𝑅𝐹𝑀𝑀 =  𝐼𝐹𝑀𝑀
𝐵𝐵 𝐼𝐹𝑀𝑀
𝐵𝑆⁄    (10) 
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Thus, the background signal in an FMM image is independent of the scattered excitation 
photons due to the differential collection scheme of FMM, which filters out the unmodulated 
signal.  
The different CM and FMM signals are compared in Figure 3-2(a).  𝐼𝐶𝑀
𝐵𝐵  and 𝐼𝐹𝑀𝑀
𝐵𝐵  decay 
exponentially with the focal depth as expected.  𝐼𝐹𝑀𝑀
𝐵𝐵  is slightly weaker than 𝐼𝐶𝑀
𝐵𝐵 because the 
modulation depth is always less than one. The CM background is dominated by 𝐼𝐶𝑀
𝑆𝑆 , which is 
related to scattered excitation and scattered emission photons. It overwhelms 𝐼𝐶𝑀
𝐵𝐵 for imaging 
depths over 200 µm. In contrast, the FMM background 𝐼𝐹𝑀𝑀
𝐵𝑆  is significantly lower than the 
FMM signal 𝐼𝐹𝑀𝑀
𝐵𝐵 . The SBR ratios are plotted as functions of penetration depth in Figure 3-2 
(b). It is evident that FMM provides a much more superior SBR than CM, even for small 
imaging depths. For a larger imaging depth of up to 1 mm, 𝑆𝐵𝑅𝐹𝑀𝑀 is maintained at around 20 
dB [58]. 
3.2.3  Modulation Depth 
Another important parameter in FMM is the modulation depth (Eqn. (11)), which is defined as 
the ratio of the intensity of the modulated fluorescence signal (i.e. the ac component) to the 
average intensity (approximately the DC component) collected by the aperture pinhole [59]. 
The modulation depth determines the efficiency of FMM signal generation with respect to the 
total excitation power deposited in the sample. A larger modulation depth will give us enhanced 
FMM signals and better signal to background ratio. In addition, a larger modulation depth 
allows us to reduce the threshold of excitation power for optical image quality when probing 
deep into thick living specimens, which is crucial in minimizing the probability of 




 =  
𝐼𝑚𝑎𝑥− 𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥+ 𝐼𝑚𝑖𝑛
    (11) 
Here, I denotes the signal intensity at the pinhole detector. 
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It has been found that the modulation depth depends to a large degree on the aperture design of 
the spatial phase modulator. Simulation studies have shown that increasing the number of zones 
from 2 to 6 improves the modulation depth. This is because as the number of zones is increased, 
the negative side lobes in the FMM signal move away from the centre, thus allowing larger 
pinholes to be used to capture most of the FMM signal from the central lobe. Annular shaped 
apertures provide larger modulation depths and better axial resolution compared to fan- and 
stripe-shaped apertures. The lateral resolution remains the same for all three types of aperture 
designs [59]. 
3.3 FMM Results 
 
Figure 3-3. Fluorescent images of chondrocytes in chicken cartilage. Confocal (a) and (c) 
and FMM images (b) and (d) at a depth of 280 microns. (e) and (f) are FMM images 
obtained at 500 and 600 microns in depth. Adapted from [5]. 
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A comparison of confocal (Figure 3-3(a)) and FMM (Figure 3-3(b)) images acquired at 280 
microns in an optically thick tissue shows that the FMM has better background rejection 
capability and resolution. These differences are more noticeable in the 4-times magnified CM 
(Figure 3-3(c)) and FMM (Figure 3-3(d)) images. It can be seen that the CM images have poor 
sectioning capability compared to FMM. (e) and (f) are FMM images obtained at 500 and 600 
microns in depth. Even at 600 microns depth, cellular structures can be distinguished from the 
background. A penetration depth greater than 500 microns has never been achieved by one-
photon excitation [5]. Focal modulation microscopy is the only one-photon excitation technique 
that is capable of achieving deep penetration in biological tissues.  
The images shown in Figure 3-3 were acquired with a relatively long excitation wavelength of 
640 nm. Generally, the scattering co-efficient of biological tissues decreases with increasing 
wavelength. For excitation light of shorter wavelength, such as UV or blue light, the achievable 
depth would be smaller. However, for longer excitation using near infrared (NIR) light would 
allow penetration depths of greater than 600 microns.  
3.4 Limitations of existing FMM systems 
While the mirror-based spatial polarizer FMM system was a major breakthrough for deep tissue 
imaging, the major limitation was its slow imaging speed. It could only achieve a maximum of 
0.2 ms per pixel dwell time, which amounts to an acquisition time of 0.02 fps for an image size 
of 512 x 512 pixels. Other approaches to implement the spatial light modulator were also 
implemented [20, 29, 36]; however, a maximum of 0.48 fps for an image size of 512 x 512 
pixels could be obtained [20].  This speed is not enough to image fast biological processes 
(monitoring fast dynamics and kinetics or dynamic 3D structures without causing detrimental 
effects by observation) as mentioned previously.  




In this chapter, the basic principle of focal modulation microscopy along with an expression for 
the excitation intensity at the focal plane, were discussed. It was also shown that the FMM 
signal is proportional to the difference between the in-phase and off-phase signal arising from 
the focal plane. This is of great importance as it allows implementation of a simpler image 
acquisition scheme compared to the heterodyne collection implemented in previous FMM 
systems [5, 29]. As discussed in detail in Chapter 4, it is important to first illuminate the focal 
plane with the maximum intensity that occurs during constructive interference when the two 
half beams are in-phase with each other. At the next instance, the focal plane is illuminated with 
minimum intensity due to destructive interference when the two half beams are 180 degrees out 
of phase. One can then use the difference between the in-phase and off-phase images to 
reconstruct the FMM image.  
The section also expanded the discussion on the point-spread function of FMM. The 
illumination PSF consists of negative side lobes in both the axial and radial directions. The 
position and size of a pinhole for rejection of the side lobes is therefore of utmost importance 
in a focal modulation microscope, as improper placement of the pinhole can drastically reduce 
the FMM signal and therefore reduce the image quality.  
Next, the theoretical signal to background ratio for CM and FMM was compared across a depth 
of 1 mm in scattering tissue. The SBR for FMM is significantly higher than that for CM. It was 
found that the SBR for FMM is maintained at around 25 dB while imaging from 0 to 1 mm. 
However, the SBR for CM reduced drastically from 10 dB to - 45 dB over the same tissue 
thickness. The improvement in the SBR is primarily because the FMM background is devoid 
of scattered photons in the excitation pathway.  
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Finally, the modulation depth was defined for a focal modulation microscope, as the ratio of 
the modulated to the unmodulated component of the detected signal. The modulation depth is 
an important parameter while designing an FMM system, as the image quality is directly 
dependent on the MD. Higher the MD better is the image quality. The aperture design of the 
spatial phase modulator determines the modulation depth for a system and it has been found 
that increasing the number of zones for the aperture increases the modulation depth and thus 
image quality.  
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4 LINE-SCAN FOCAL 
MODULATION MICROSCOPE 
4.1 Introduction 
Focal modulation microscopy is a novel imaging technique that is capable of achieving high 
penetration depth in biological tissues due to the rejection of scattered light in the excitation 
pathway. Numerous efforts have been made to increase the speed of the point scanning FMM 
system [20, 29, 36], which uses a point-by-point raster scanning mechanism for image 
formation. However the fastest speed achievable (<1 fps) is too slow to image fast biological 
processes that occur in the milliseconds range. It was therefore proposed to implement a line-
scanning version of the FMM system. By eliminating one dimension of scanning, an 
improvement in the temporal resolution of FMM can be achieved.  
4.2 Optical System Design 
Figure 4-1 shows the layout of the in-house line-scan FMM system. The system used a 
continuous wave Cobolt Blues™ 473 nm diode-pumped solid-state (DPSS) laser. Beam 
expanders L1 and L2 provide a x4 increase in the diameter of the light beam from the laser in 
order to fill the back aperture of the objective. A cylindrical lens (CL) was used to condense 
the illumination beam in one dimension, to achieve a line-focus illumination beam at the focal 
plane. Lens L3 transforms the line-focus into a collimated beam, and relays it onto the scan 
lens. A 1D-galvanometer scanner (GSV011, Thorlabs) was used to achieve rapid line scanning 
of the beam on the sample. The scan lens and tube lens guide the beam into the objective and 
keeps it stationary in the objective lens. The back-reflected light or the fluorescence emission 
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from the sample was collected by the objective, descanned, and reflected into the detection arm 
by the beam-splitter. A high-pass filter was used to remove the illumination light in the 
fluorescence mode. A confocal slit was used for rejection of out-of-focus light and to provide 
optical sectioning in the sample. Lenses L4, L5 and L6 relay the light beam onto the line camera 
and provided the required magnification. From this layout, it can be seen that the light beam is 
confocal at three different points, namely, the focal plane in the sample, the slit, and the face of 
the camera. 
A fast linear CMOS camera (Basler Sprint spL2048-70km) with a pixel size of 10 μm by 
10 μm was employed to achieve an acquisition speed of up to 70 kHz line rate. A transversal 
resolution of <2 μm is readily achievable with a 10x/0.25 objective; with better resolution if a 
higher numerical aperture (NA) lens is used. The current optical configuration allowed 
magnification of approximately 11, which matches each pixel in the line camera to less than 
1 μm in the focal plane. 
Figure 4-1. Schematic diagram of line-scan FMM: HWP, Half wave plate; EOM, electro-
optic modulator; SP, Spatial Polarizer; P, Polarizer; CL, cylindrical lens; BS, beam 
splitter. Focal length of CL is 50 mm. Focal lengths of lenses L1, L2, L3, L4, L5 and L6 
are 50, 200, 50, 75, 200 and 50 mm, respectively. 
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4.3 Design of the Spatial Phase Modulator  
The spatial-temporal phase modulator determines the efficiency of the modulation scheme of 
FMM [59]. The following describes the principle underlying the phase modulator implemented 
in the current line-scan FMM. The first component in the laser beam pathway is a half-wave-
plate, which rotates the polarization of the light beam so that it is at 45° to the optical axis. 
Hence the light beam has equal horizontal and vertical components (Ex = Ey). The light beam 
then passes through an electro-optic modulator (EO-PM-NR-C4, Thorlabs). The EOM, which 
is a polarization-dependent component, selectively provides a variable phase-shift to the 
component that is aligned to its optical axis, which in this case is the Ex component. Ey passes 
through unchanged. A modulation signal applied to the EOM is used to introduce a periodic 
phase delay (oscillating between 0 and π) between Ex and Ey. The modulated (vertical) and 
unmodulated (horizontal) components are spatially separated into two half beams by using a 
spatial polarizer (SP). The SP is constructed so that the horizontal component passes through 
the right and the vertical component through the left. This patterned SP manufactured using 
lithographical technology was provided by colorPol® (CODIXX AG, Germany), a specialized 
manufacturer of patterned polarizers. In the current system, a stripe-shaped aperture with 4 
equal-area zones was used to provide modulation efficiency of up to 70% [59]. It was placed 
so that its optical axis is exactly at the centre of the illumination beam. A polarizing analyser 
(P) placed after the SP projects the modulated and non-modulated fields onto the same 
polarization axis so that they can interfere with each other when converging at the focal point. 
The scheme for the EOM-based spatial modulator is depicted in figure 4-2. 
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The excitation beam in FMM can be described by the following mathematical model: 
𝐸𝑖 (𝑟𝑖) =  ℎ𝑖1(𝑟𝑖) +  ℎ𝑖2(𝑟𝑖) 𝑒
𝑖ɸ(𝑡)   (11) 
where ri is the spatial co-ordinates, hi1 is the unmodulated half beam and hi2 is the half-beam 
modulated with a periodic phase function ɸ(t). When the two half-beam are in-phase with each 
other, the excitation intensity is a maximum: 
𝐼𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 =  |ℎ𝑖1|
2 +  |ℎ𝑖2|
2 + 2|ℎ𝑖1ℎ𝑖2
∗|   (12) 
The minimal intensity is given by: 
𝐼𝑜𝑓𝑓−𝑝ℎ𝑎𝑠𝑒 =  |ℎ𝑖1|
2 +  |ℎ𝑖2|
2 − 2|ℎ𝑖1ℎ𝑖2
∗|   (13) 
𝐼𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 − 𝐼𝑜𝑓𝑓−𝑝ℎ𝑎𝑠𝑒 =  4|ℎ𝑖1ℎ𝑖2
∗|  ≈ 𝐹𝑀𝑀  (14) 
Figure 4-2. EOM based spatial-temporal phase modulator. HWP: half-wave plate; EOM: 
electro-optic modulator; PA: polarization analyser; SP: spatial polarizer. The double-
headed arrows represent the optical axes of each optical component. For simplicity, only 
the electric field components are being shown. Only the red electric field component Ex 
is modulated as its polarization state is parallel to that of EOM. 




∗| term of Eqn. (14) is proportional to the oscillatory FMM signal in Eqn. (11). Thus, 
for the present implementation, two lines are acquired from the same position, one 
corresponding to the in-phase intensity and the second to the off-phase signal intensity. The 
difference between these two lines is used to form the FMM image.  
4.4 Control Scheme 
The EOM can be driven at a frequency of up to 70 kHz, which is primarily determined by the 
maximum readout rate for the line camera (Basler Sprint spL2048-70km). This modulation 
frequency corresponds to a 35 kHz line rate for our FMM system. For a 2D image of size 2048 
x 2048 pixels, the frame rate is up to 17.3 fps. A frame rate of over 1 kHz is possible for a 
smaller acquisition window, for instance 2048 x 32 pixels, which is adequate for very fast 
imaging of several dendrites or axons of a neuron. The image acquisition was facilitated by a 
National Instruments NI PCIe-1429 Camera Link image acquisition board (i.e. frame grabber) 
to digitize the light focused onto the line CMOS camera. A LabVIEW® based program was 
used to enable high precision control (via a high-speed multifunctional data acquisition (DAQ) 
Figure 4-3. Schematic diagram showing the control of the hardware in the line-scan focal 
modulation microscope in LabVIEW®. 
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board NI PCI-6251) of the 1D galvanometer scanner (Thorlabs GVS011) and triggering of the 
line CMOS camera for capturing images. Another important role of the DAQ card is also to 
generate a synchronized driving voltage to the EOM in order to enable capturing of raw image 
with two consecutive lines that correspond to the maximum and minimum intensity at the focal 
line. 
The schematic in Figure 4-3 shows the design of the LabVIEW® based control system and the 
hardware associated with the line-scan focal modulation microscope. In the current setup, the 
Basler® line camera was programmed to acquire one thousand lines of 500-pixels width. The 
line period is pre-set to 20 µs with an exposure time of 19 µs, which results in an image 
acquisition speed of 50 fps. A sawtooth wave of 50 Hz with incremental steps within each 
period of the sawtooth wave is generated by the LabVIEW® program to drive the scanning 
mirror. Thus, for 2 consecutive lines, the lines captured are from the same region of interest. 
This is because at least two consecutive lines that correspond to the maximum and minimum 
intensity at the focal line have to be captured in order to reconstruct FMM image. These 
maximum and minimum line foci correspond to the instantaneous zero and maximum phase 
shift over the fractions of the beam being differentially modulated. As such, a square wave of 
500 times the scanning speed of 50 Hz is used to drive the EOM to introduce the designated 
intensity modulation at the line focus. A TTL trigger signal synchronized to this sawtooth wave 
was also generated by the same program to trigger the image capturing by the line camera via 
the frame grabber.  
4.5 Results 
Figure 4-4 (Left) shows the raw image of a resolution target (Edmund optics, 1951 USAF Glass 
Slide Resolution Target U38-257) taken by the in-house developed line-scan focal modulation 
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microscope. In the raw image, one can clearly observe the consecutive horizontal bright and 
dark bands, which correspond to the line focus generated by the intensity modulation scheme.  
The raw image was taken at an acquisition speed of 50 fps (20 ms per frame); which is mainly 
limited by the readout rate of the line camera. Much higher frame rates are possible with a 
shorter line period and faster camera (i.e. fast read-out-time). A line period of 20 µs was used 
to enable easier synchronization with the scanner and EOM. Nevertheless, this acquisition 
speed is still much faster than that of the point-scanning FMM system described in the literature 
[20], with an acquisition time of 0.48 s per frame for similar acquisition window size.  
In order to reconstruct the FMM image from the raw image, the acquired image was processed 
such that every consecutive line pair of bright and dark bands in the image was extracted and 
(a) 
Figure 4-4. (Left) Image of a resolution target taken by line-scan focal modulation 
microscope. The image size is 1000 x 512. Bright and dark bands which correspond to the 
maximum and minimum intensity of focal modulation scheme are apparent in the image. 
The separation between the bars in the Group 7 Element 6 is approximately 4.39 μm. 
(Right) The reconstructed FMM image. 
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their difference (i.e. the FMM band = bright band - dark band), used to form the FMM image 
of size 500 x 512 pixels. The reconstructed FMM image is presented in Figure 4-4 (Right). The 
presence of a fringe pattern, as well as high-level of noise, is obvious in the reconstructed image. 
This could be due to some misalignment of the optics and optical aberrations. Besides, the 
spatial resolution in the y-axis appears to be slightly better than that in the x-axis. This can be 
observed in Figure 4-4 (Left) where the 3 lines in Group 7 start to become blurred and 
undifferentiable from each other in Element 5 along the x-axis; while the 3 lines are still visible 
in Group 7 Element 6 along the y-axis. This result is contrary to the initial design, as the 
direction of the focused line on the sample is parallel to the y-axis; therefore, the resolution in 
y-direction should be approximately the same as that of conventional optical microscope, while 
the resolution in x-direction should be close to that of a confocal system. Nevertheless, the three 
lines in Group 6 along the x-direction indeed have sharper edges as compared to those along 
the y-direction. The conflicting results may be due to under-sampling of the imaging system as 
only a total magnification of around 11 was used in the current setup. 
Figure 4-5. (a) Confocal (CM), (b) FMM, and (c) raw image of leaf chlorophyll 
molecules. The FMM image shows better background suppression and sharper 
edges compared to the CM image. 




The line-scan FMM was also used to look at auto fluorescence in Epipremnum aureum leaves. 
Chlorophyll molecules in leaves can be excited by blue light to emit fluorescence in the 620-
680 nm range [60]. Figure 4-5 (a), (b) and (c) show the confocal (CM), FMM and raw images 
respectively of chlorophyll molecules in a leaf acquired by our line-scan FMM. A 565 long-
pass emission filter (565ALP Omega Opticals) was used for suppression of the excitation (473 
nm) wavelength. In the raw images, one can clearly observe the consecutive bright and dark 
bands, which correspond to the line focus generated by the intensity modulation scheme. 
Comparison of the confocal and FMM images shows that the FMM images exhibit improved 
background suppression, whilst the edges appear sharper. This is in keeping with the predicted 
FMM theory of improved SBR [58], which can also be observed in previous FMM 
implementations [5, 20, 29]. The improved SBR was maintained even at 100 µm depth in the 
leaf as can be seen in Figure 4-6. These images were acquired at 5 fps. However, at higher 
frame rates (>10 fps), no fluorescence could be observed. It is believed that this may be due to 
the high read noise of the line camera.  
 
Figure 4-6. FMM images (a) and (b) are separated from each other by a depth of 100 µm. 
The focal modulation microscope is able to maintain the SBR even at 100 µm depth. 
(a) (b) 




Using the in-house line-scan FMM it was possible to demonstrate an imaging speed of 50 fps 
(20 ms per image) for an image size of 500 x 500 pixels. This is a great improvement over 
pervious point-scanning FMM, which had a maximum imaging speed of 2 fps. However, for 
low-light applications such as fluorescence, it was only possible to use an imaging speed of a 
maximum of 5 fps. It is believed that this is due to the high read noise (14 e-) of the camera 
resulting in a low signal to noise ratio of the line camera. The detection limit for the camera for 
a SNR of 1 is 33 photons, thus making it unsuitable for low light applications. Area CMOS and 
CCD cameras have much better SNR and are therefore more suited to line-scanning image 
acquisition. In order to be able to use a more sensitive 2D camera in the same setup, the setup 
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5 IMAGE-SCANNING FOCAL 
MODULATION MICROSCOPE 
5.1 Introduction 
This chapter describes a new implementation of the line-scanning focal modulation microscope. 
It describes the optical setup of the system, followed by resolution characterization and imaging 
results. 
5.2 Optical Design and Setup 
Using the in-house line-scan FMM, it was possible to demonstrate an imaging speed of 50 fps 
(20 ms per image) for an image size of 500 x 500 pixels in the reflection mode. However, the 
high read noise of the line camera (Basler Sprint spL2048-70km) limited the imaging speed to 
< 5fps for fluorescent samples. It was therefore decided to replace the line camera with a highly 
sensitive CCD camera from QImaging (Retiga Exi FAST 1394®). The progressive scan 
interline image sensor for this camera has a resolution of 1.4 million (1392 x 1040) pixels with 
a 12-bit digital output. A low read noise (8 e-) compared to the line-scan camera (14 e-) and 
cooled sensor with a low dark current of 0.15e- /pix/s allows this camera to be used for low 
light imaging. It also allows fast imaging at 10 fps for full resolution images and a maximum 
speed of 110 fps for 8 x 8 binning.  
In order to use the 2D-camera to capture the line scan data generated with the current setup, a 
second galvanometer scanner was incorporated into the system as shown in Figure 5-1. Similar 
to the line-scan setup, the light beam is condensed in one direction by the cylindrical lens to 
form a line focus. This line beam is scanned across the sample. The reflected light beam or 
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fluorescence emission is descanned by the galvanometer scanner and reflected by the beam 
splitter into the detection arm. A confocal slit is used for rejection of out-of-focus light. A 
second 1D-galvanometer scanner is used to sweep the light beam across the 2D-CCD to form 
an image. The two scanners are operated in synchronization by using the same driving signal 
for both. The control scheme for the EOM and the galvanometer scanners was the same as the 
line-scan FMM. 
 
An optical filter placed in the detection pathway was used for rejection of the excitation light. 
The filter should be placed in a parallel beam of light. In this case, there are two different 
positions that can be used, either before L5 or before L7. To simulate the path length change 
HWP 
  












      
  
  











CCD L7 F 
Figure 5-1. Schematic diagram of the image-scan FMM: HWP, Half wave plate; EOM, 
electro-optic modulator; SP, Spatial Polarizer; P, Polarizing Analyser; CL, cylindrical 
lens; BS, pellicle beam splitter, F, optical filter. Focal length of CL is 50 mm. Focal 
lengths of lenses L1, L2, L3, L7 and Scan Lens are 50mm, Tube lens=100mm, L4, L6 
=75 mm.  
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caused by the addition of a filter, a simple experiment was conducted by adding a glass plate in 
the detection pathway and observing the change in the modulation depth in the FMM image. It 
was observed that the modulation depth remained unchanged when the glass slide was added 
before L7. However, when placed before L5, the glass slide caused a reduction in the 
modulation depth. The filter was therefore placed in front of lens L7. 
In order to reduce the aberrations in the image, achromatic lenses were used with anti-reflection 
coatings in the visible range. The cube beam-splitter was also replaced with a pellicle beam 
splitter (Thorlabs BP545B1) to minimize chromatic dispersions. Pellicle beam splitters are 
extremely thin (3-5 µm thick), membrane beam splitters, which can eliminate ghosting since 
the second surface reflection is superimposed on the first one. They are ideal for use in cases 
where chromatic dispersion must be minimized, i.e. in cases where focused beams are necessary 
as in the present case while using a cylindrical lens. In addition, pellicle beam-splitters have a 
higher power throughput, whereas the cube beam-splitters show signs of absorption inside the 
optic. Thus, the pellicle beam-splitter is more suited for low light applications with minimum 
loss of power. 
However, Pellicle beam-splitters display sinusoidal oscillations when plotting the splitting ratio 
as a function of wavelength. This is caused by thin film interference effects. Due to the 
sinusoidal oscillations, pellicle beam-splitters are not suitable for multi-wavelength 
applications as the transmission or reflectance power might be different for different 
wavelengths.  
5.3 Results 
The raw and reconstructed FMM images of the resolution target acquired using the image-
scanning setup is shown in Figure 5-2. These images were acquired at a speed of 40 fps using 
a 10x/0.25 NA Plan N objective from Olympus. The raw image (Figure 5-2(a)) is 1392 X 1040 
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pixels wide and consists of consecutive bright and dark vertical bands as shown in the zoomed 
in image of Figure 5-2 (c). The modulation depth is calculated from the line profile across the 
raw image (Figure 5-2 (d)) and was found to be about 30%. The FMM image was reconstructed 
(Figure 5-2 (b)) by taking the difference between the consecutive bright and dark bands as per 
Eqation (14). The FMM image was 696 X 1040 pixels wide. These images were acquired at 40 
fps. Greater imaging speed of up to 100 fps can be achieved with smaller image sizes. It is 
believed that the fringe pattern observed in the FMM image is due to slit misalignment, 
explained below.  
Due to the differential mechanism of FMM, there are negative side lobes in the lateral and axial 
illumination PSF of FMM [58].  The use of a confocal slit with an aperture slightly smaller than 
Figure 5-2. Target Image acquired with the image-scanning FMM. (a) Raw image (696 x 
520 pixels) consisting of alternate bright and dark vertical bands; (b) Reconstructed FMM 
image, (392 x 520 pixels); (c) Vertical bright and dark bands are visible in the zoomed-in 
image of the dotted red box in the raw image; (d) Line profile across (c). The modulation 
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the side lobes thus becomes imperative while acquiring FMM images in order to prevent the 
reduction in the FMM signal. Hence, a fixed width 5-µm slit from Edmund Optics was used to 
acquire fluorescence and scattered FMM images. Slit alignment is very crucial in FMM. If the 
slit is not exactly parallel to the light beam, a fringe pattern is introduced in the FMM image as 
shown in Figure 5-3 (Right). To solve this problem, a rotation mount was used for the slit, 
which allows the precise alignment of the slit. The image is free of the fringe when the slit is 
well aligned as shown in Figure 5-3 (Left).  
 
The image-scanning FMM system was used to image the liver in transgenic zebrafish. The 
LiPan fish or Tg(fabp10a:DsRed; elaA:EGFP) zebrafish expresses eGFP in the liver and DSRed 
in the pancreas. A comparison of the confocal and FMM images is shown in Figure 5-4. A clear 
improvement in the signal-to-background ratio can be observed in the FMM image as compared 
to the confocal image shown above. These images were acquired at 40 fps. The image size is 
348 x 520 pixels. 
Figure 5-3. (Left) Slit well aligned; (Right) when the slit is misaligned a fringe pattern can 
be observed in the FMM image. 




The section describes the development of an image-scanning focal modulation microscope that 
scans the image of the line from the focal plane across a 2D CCD camera. This system is an 
improvement over our previous version of line-scan FMM system, as the camera is better 
equipped for low light imaging applications. A full frame imaging speed of 40 fps has been 
demonstrated with this system. Analysis of the line profile shows that this version of the line-
scan FMM system has better resolution and background rejection capability compared to line-
scan confocal system. 
 However, image quality for the reconstructed FMM images was not very good. The liver (in 
green) and blood flow (in red) in a double transgenic zebrafish is shown in Figure 5-5. It can 
be seen that the reconstructed FMM image is highly pixelated as compared to the confocal 
image. This is due to the low modulation depth (>5%) in the raw image. The phase modulation 
scheme implemented in this version of the line-scan FMM system uses an electro-optic phase 





































Figure 5-4. Comparison of the confocal (left) and FMM (right) images of the LiPan 
zebrafish liver with the line profile on the right. 
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of an electro-optic crystal of lithium niobate. Phase modulation is achieved by applying an 
appropriate RF voltage to the EOM as explained in section 4.1.1.  
A square-wave at the required frequency was applied to the EOM via a high voltage amplifier 
to achieve the phase modulation. To monitor the performance of the EOM, a photodetector was 
used to measure the intensity modulation of the excitation beam. It was found that the 
performance of the EOM is not stable and due to this, the intensity modulation between the in-
phase and off-phase line kept changing over time. Figure 5-6 depicts the change in the intensity 
modulation over an interval of 30 seconds. The pink signal is the square wave applied to the 
EOM at 12.5 kHz. The green signal is the intensity of the excitation beam. Figures 5-6 (a) and 
(b) are screen shots taken approximately 30 seconds apart. It can be seen that the difference in 
the intensity between the in-phase and off-phase line kept on changing.  
Due to the instability of the EOM, the modulation depth kept changing between frames, leading 
to unstable FMM image reconstruction. It was therefore decided to replace the EOM- based 
phase modulator with a tilting glass plate modulator [36]. 
Figure 5-5. Poor image reconstruction of the FMM image (right) compared to the confocal 
image (left). 










Figure 5-6. Oscilloscope traces (30 seconds apart) from the output of a photodetector, 
monitoring the change in intensity of the excitation light. The pink trace is the EOM 
driving signal and the green trace is the corresponding light intensity. 
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6 IMAGE-SCANNING FMM 
WITH GLASS PLATE 
MODULATOR AND 2D CCD 
CAMERA 
6.1 Introduction 
Due to the instability of the EOM-based phase modulator used in the previous versions of the 
line-scanning FMM system, where the modulation depth kept changing between frames, 
leading to unstable FMM image reconstruction. This chapter describes the efforts toward 
improving the FMM reconstruction of images by replacing the EOM-based modulator. A new 
camera was also used for the revised system. In the later part of this chapter, a thorough 
characterization of the system performance in terms of SBR, SNR and resolution has been 
presented.  
6.2 Glass Plate Phase Modulator 
A tilting glass plate phase modulator [36] consists of a 1 mm thick glass plate placed on a 
galvanometer scanner and placed in the excitation light path such that only half of the beam 
passes through the glass plate, as shown in Figure 6-1 (a). The part of the light beam that passes 
through the glass plate has a longer path length compared to the half beam that passes through 
air. Differential modulation of the beam optical path length is achieved when the glass plate is 
tilted with a time varying angle. Path length modulation gives rise to phase modulation of the 
half beam passing through the glass plate.  
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Furthermore, a pair of piezoelectric actuators (Thorlabs AE0203D04F) were used for 
differential modulation of the light beam. A sawtooth-wave signal was used to drive the 
actuators, to achieve minimum and maximum intensity modulation at the focal plane of the 
sample. In addition, a high voltage amplifier (Thorlabs HVA200) was used to drive the 
actuators. 
6.3 System Design 
The setup for the line-scan FMM system is shown in Figure 6-2. In order to image dual 
transgenic fish, a Cobolt Dual CalypsoTM continuous-wave diode pumped solid-state laser 
operating simultaneously at two fixed wavelengths, 491+532 nm was used. Appropriate filters 
placed in a filter wheel in front of the laser module were used to change the illumination 
wavelength. A variable neutral density filter wheel (not shown in the schematic) was used to 
attenuate the light intensity as required. Next, the beam was expanded x8 to increase the beam 
diameter so as to overfill the back plane of the objective and to provide a diffraction limited 
line at the focal plane of the objective. The tilting glass plate modulator was placed in the light 
Figure 6-1. (a) Glass plate mounted on a galvanometer, (b) Optical paths of the half-beam 
propagating through the glass plate (dashed lines) and the half-beam propagating in the 
air (solid lines). 
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path such that only half of the beam passes through it. A negative cylindrical lens was used to 
diffuse the light beam in one dimension. A spherical lens (L3) placed close to the cylindrical 
lens was used to form a line focus at its focal length. The line was then relayed onto the 
galvanometer scanner, which scans the line across the sample. Using the cylindrical lens as a 
diffuser, as opposed to the line focusing devise, provides the advantage where the light beam 
after the tube lens is collimated, thus making the system infinite corrected. This allows a greater 
degree of freedom in the placement of the objective as the distance between tube lens and 
objective is no longer critical.   
The fluorescence emissions are descanned by the galvanometer scanner and reflected by a 
pellicle beam splitter into the detection arm. A confocal slit is used for rejection of out-of-focus 
light. An optical filter was used to filter out the excitation light. A 1-dimensional galvanometer 
scanner scans the light across a 2D CMOS camera to form the image. In addition, a high-speed 
sCMOS camera (OptiMOSTM, from Qimaging) was used in the new setup. The sCMOS sensor 
Figure 6-2. Schematic of the LS-FMM. CL: Cylindrical lens, BS: Beam Splitter, EXC/EM 
1D Galvo: Excitation/Emission 1D Galvanometer scanner. 
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has a resolution of 2 million (1920 x 1080) pixels with each pixel 6.5 µm x 6.5 µm in size. It 
has a peak quantum efficiency of 55% at 600 nm. The camera has an extremely low read noise 
of 1.5 e- and a dark current rate of 0.5 e/p/s at 0ºC with inbuilt cooling provided. This makes it 
ideal for low light applications. The camera is capable of high-speed image acquisition at 100 
fps at full resolution.  
6.4 FMM Image Reconstruction 
The glass-plate phase modulator causes intensity modulation at the focal plane in the sample 
by modifying the phase of half of the spatial extent of the beam passing through it. The intensity 
modulation is adjusted so that it is maximum at the first time point, followed by minimum at 
the next time point. The raw image that is acquired consists of alternate bright and dark bands 
corresponding to the maximum and minimum intensity at the focal plane. As shown previously 
(Equation 14), the FMM signal can be derived from the difference between the maximum and 
minimum intensities, given by: 
𝐼𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 − 𝐼𝑜𝑓𝑓−𝑝ℎ𝑎𝑠𝑒 =  𝐹𝑀𝑀   (15) 
Where, 𝐼𝑖𝑛−𝑝ℎ𝑎𝑠𝑒 corresponds to the maximum intensity at the focal plane when the two half 
beams are in-phase with each other, and 𝐼𝑜𝑓𝑓−𝑝ℎ𝑎𝑠𝑒 corresponds to the minimum intensity when 
the two half beams are 180° out-of-phase with each other. 
In previous implementations of the line-scanning FMM system, the difference between the 
consecutive bright and dark bands was used to form the FMM image. However, for the current 
implementation the width of the line focus on the camera is ~2 pixels. Thus, demodulation was 
used to reconstruct the FMM image as described below. 
Demodulation is the process of extracting the original information-bearing signal from a 
modulated carrier wave. Here, the raw image can be considered as the original image modulated 
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by a carrier signal at a fixed frequency. If m(t) is the original image, the intensity modulated 
raw image is given by: 
𝑟𝑎𝑤(𝑡) = (𝐶 + 𝑚(𝑡)) cos (𝜔𝑡)   (16) 
Where C = DC component, and 𝜔 = modulation frequency. 
Multiplying the raw image raw(t) by an oscillator at the same frequency 𝜔 and in phase with 
the carrier yields: 
𝐼(𝑡) = (𝐶 +  𝑚(𝑡) ) cos(𝜔𝑡) cos (𝜔𝑡)   (17) 
Which can be rewritten as: 






cos(2𝜔𝑡))   (18) 
After filtering out the high-frequency component based around cos(2𝜔𝑡)  and the DC 
component - C, the FMM image can be recovered. 
To recover the confocal image from the raw image, it is simple to filter out the high frequency 
component from the raw image without any demodulation 
The Matlab code used for reconstructing the LS-FMM and LS-CM images is presented in 
Appendix A.2.  
6.5 System Characterization 
To fully characterize the line-scan focal modulation of microspheres, its resolution, signal-to-
background ratio and the signal-to noise ratio were determined. Two types of bead samples 
were prepared: fluorescent bead layers for measuring the point spread function (PSF) and 
resolution, and fluorescent beads embedded in 3D scattering gels for measuring PSF 
degradation at depth. 
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6.5.1 Phantoms for System Characterization 
6.5.1.1 Transparent Phantom for resolution measurement 
To characterize the resolution, 500 nm Fluoresbrite® Yellow Green Microspheres from 
Polyscience (Catalogue No. 17152-10) were used, which have excitation maxima of 441 nm 
and emission maxima at 485 nm. To ensure that the beads would be well separated from each 
other a 1:1000 dilution of the beads was prepared in water, which were subsequently suspended 
in a solution containing 5% agarose (Sigma, A9539). Agarose was used to immobilize the beads 
during imaging. As the refractive index of agarose matches that of water, it also provides a 
transparent and non-scattering background for imaging. The bead mixture was vortexed 
vigorously and sonicated for 2 minutes before heating. After heating, the mixture was deposited 
on #0 glass bottomed dishes (MatTek, P35G-0-10-C), allowed to cool, and then imaged.  
 
Figure 6-3. Bead sample used for characterizing the resolution: 500 nm yellow-green 
beads embedded in a clear solution of 5% agarose. 
6.5.1.2 Tissue mimicking scattering phantom 
To measure the PSF degradation of the line-scan focal modulation system as a function of depth, 
a phantom was prepared to mimic the optical properties of biological tissues at 488 nm 
excitation. Absorption of light by biological tissues is negligible at 488 nm. At this wavelength, 
most of the attenuation of light is due to scattering [26, 61]. 
Fluorescent beads in 3D scattering gel samples were prepared using 0.5% (w/v) ultrapure 
agarose (Invitrogen), 4% of lipofundin (diluted from 20% Lipofundin MCT/LCT emulsion), 
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and 1:20 diluted fluorescent beads. 5 mg of agarose was stirred in 1 mL of deionized (DI) water 
at 100℃ until it dissolved completely and was allowed to cool. When the solution was still in 
liquid form and the temperature was lower than 50℃, 10 μL beads and 40μL of 20% lipofundin 
was added to 150 μL of the agarose solution. The total 200 μL solution was stirred well and 
pipetted into a #0 glass bottomed dish (MatTek, P35G-0-10-C), allowed to cool, and then 
imaged. Fluoresbrite® Yellow Green Microspheres have an excitation maxima of 441 nm and 
emission maxima at 485 nm. The phantom is shown in Figure 6-4 (Left). 
At room temperature (25oC), the absorption coefficient of water at 488 nm is 0.00017 cm−1 and 
thus negligible. The absorption contributed from lipofundin emulsion is also negligible. The 
scattering property is dominated by scattering properties of lipofundin. In order to estimate its 
scattering property, the Mie theory was used to calculate the intrinsic reduced scattering co-
efficient (𝝁𝒔
′ ) of lipofundin solution. The calculation procedure is described in Appendix A.3. 
The results show that the value of 𝝁𝒔
′  for 4% Lipofundin is approximately 63.5 cm-1.  
Figure 6-4 Left: Bead sample used for characterizing the SBR and SNR: 2μm yellow-
green beads embedded in a scattering solution of 4% Lipofundin and 5% agarose. 
Right: Raw image of the yellow-green beads acquired at 5 fps using a 40X/1.1W 
objective. The modulation bands can be seen in the image with the line profile across 
one bead shown in the inset. The size of the raw image is 1920 x 1080 pixels. 
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A wide range of reduced scattering co-efficient values has been reported for different types of 
biological tissues as shown in Table 6-1. The 𝝁𝒔
′  value for 4% lipofundin is on the higher side 
of all the reported values. The lipofundin bead sample is therefore a good model for a highly 
scattering biological tissue. 
Table 6-1. Reduced scattering co-efficient values for different tissues [61] 
Reduced Scattering co-efficient  𝝁𝒔
′  (cm-1) Range Mean 
Skin 30.6 - 68.7 46.0 
Brain 10.9 – 40.8 24.2 
Breast 8.3 – 31.8 16.8 
Bone 9.5 – 38.4 22.9 
4% Lipofundin 63.5 
 
The phantom was imaged using blue light excitation with a GFP emission filter (Thorlabs 
MF525-39) with the wavelength centred at 539 nm and a bandwidth of 39. The line focus is 
parallel to the longer side of the camera, which means that the raw images were composed of 
1920 lines each 1080 pixels in height. The raw images were acquired at 5 fps with the tilting 
glass plate modulator operating at a frequency of 960 Hz. This implies that for each frame, the 
phase modulator toggles the phase 192 x 2 times. Thus, each dark and bright band was 5 pixels 
wide. This can be seen from the line profile of the raw image (inset of Figure 6-4).  
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The reconstructed line-scan FMM and line-scan CM images are shown in Figure 6-5. The beads 
in the FMM image appear sharper and have better contrast with respect to the background. This 
can also be observed from the line-profiles along the x- and y-axis and are shown on the right. 
The line-spread function for the FMM images is sharper and has a smaller width. The higher 
value for the background can also be seen in the line profile. In comparison, the background 
intensity value for the FMM image is close to 0 a.u., whereas the background for confocal is 
about 18 a.u. It was also observed that compared to the line-scan confocal system, line-scan 
FMM provided better background rejection in scattering samples.  
The 3D projection of the line-scan FMM and line-scan confocal images is shown in Figure 6-
6. The imaging depth is from 0 µm (left edge of image), which is the surface of the coverslip, 





























































Figure 6-5. Reconstructed (a) CM and (b) FMM images. (Image size: 384x1080 pixels.) 
The zoomed-in (c) CM (d) FMM images of the orange rectangular region are shown for 
comparison. Scale bar: 10 µm. (e) and (f) are the line profiles across the x- and y-axes 
along the orange lines shown in figures (c) and (d). 
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the “3D Project” function in ImageJ and by interpolating the mean values along the y-axis 
(direction parallel to the line focus). The background rejection capability of FMM can be easily 
seen from this image as only the beads in focus can be seen in the FMM image. As opposed to 
this, more beads can be seen in the CM image. This is because line-scan confocal is not very 
effective in rejection of out of focus light. Therefore, signal from out-of-focus beads also leaks 
into the image. The vertical streaks seen in the FMM projection is due to over saturation of the 
grey scale, which was done in order to visualise the low intensity beads at the deep end of the 
scattering gel. 
Figure 6-6. X-Z projection of the line-scan confocal (a) and line-scan FMM (b) images 
across a depth of 200 um. Scale bar = 50 µm. Summed projection confocal (c) and FMM 
(d) images across the entire depth of the scattering gel sample. The line-scan FMM has 
better background rejection capability compared to line-scan confocal. 
(b) (a) 
(c) (d) 




A summed projection across the full depth of the scattering gel for the line-scan confocal and 
line-scan FMM systems is shown in Figures 6-6(c) and (d). The projections were obtained by 
using the “Z Project” function in ImageJ with the ‘Sum slices’ projection option. The line-scan 
confocal has a markedly higher background compared to line-scan FMM. 
6.5.2 Resolution 
The resolution of an optical microscope is defined as the shortest distance between two points 
on a specimen that can be distinguished by the microscope as separate entities. The resolution 
of an optical microscope can be determined from the point-spread function (PSF), which is the 
diffraction-limited image of a point source. The PSF is considered to be the fundamental unit 
of an image in theoretical models of image formation. When light is emitted from such a point 
object, a fraction of it is collected by the objective and focused at a corresponding point in the 
image plane. However, the objective lens does not focus the emitted light to an infinitely small 
point in the image plane. Rather, light waves converge and interfere at the focal point to produce 
a diffraction pattern of concentric rings of light surrounding a central, bright disk known as the 
airy disk, when viewed in the x-y plane. The radius of this disk is determined by the numerical 
aperture (NA) of the system. Thus, the resolving power of an optical system can be evaluated 
by measuring the size of the Airy disk.  
For practical measurement of the resolution of an optical system, point objects (such as 
microspheres and quantum dots) smaller in diameter than the theoretical resolution of the 
system, are imaged. The resolution of the system is measured as the full-width at half maximum 
(FWHM) of the airy disc of the PSF. The resolution in x, y and z directions was measured. 
Here, the x and y resolutions are the lateral resolutions perpendicular to and parallel to the line 
focus respectively. The z or axial resolution is along the depth of the specimen.  
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Blue light illumination (Ex 488 nm) was used to excite the fluorescence and a bandpass GFP 
filter (Thorlabs MF525-39) was used to filter out the excitation light. The bead sample was 
imaged at 10 fps at a modulation frequency of 3 kHz using a 40X/1.1 water immersion lens 
from Olympus. A 0.75 V sawtooth signal was applied to the first galvanometer scanner to scan 
the line focus across the sample. A 3 V sawtooth signal was applied to the second galvanometer 
scanner to scan the emission line focus across the imaging camera. With these voltage values, 
a four times zoom of the sample on the imaging plane could be achieved. The raw image was 
1920 x 1080 pixels in size with modulation bands 4 pixels in width. The CM and FMM images 
were reconstructed as per the demodulation scheme outlined in section 6.3. The reconstructed 
confocal and FMM images were 480 x 1080 in size. Fifty-two images along the axial direction 
were acquired with the spacing between each set to 1 μm.  
Lateral Resolution: 
 
Figure 6-7. Line-scan FMM (top) and CM (bottom) images of a 500 nm fluorescent 
bead. Line profiles along the X- and Y-axes are compared on the right. 




To calculate the lateral resolution, the FWHM were measured across the line profile along the 
x and y directions across different beads. The brightest beads in each plane were chosen and 
used for FMM image to determine the best focal plane for each bead. The same beads were 
chosen for calculating the resolution for the confocal images. Line profiles across 50 different 
beads were chosen and the average and standard deviation were calculated. The average 
resolution for the line-scan FMM and line-scan CM images is shown in Table 6-2. 
Representative FMM and CM images of a single 500 nm bead are shown in Figure 6-7 along 
with the X- and Y-line profiles. 
 
 
Figure 6-8. Distribution of the X-axis (Left) and Y-axis (Right) resolution values for 
line-scan FMM and line-scan CM. On each box, the central mark is the median, the 
edges of the box are the 25th and 75th percentiles, the whiskers extend to the extreme 
data points, and outliers are shown in red. X-resolution for FMM is 1.41 ± 0.34 μm 
and for CM is 1.96 ± 0.60 μm. Y-resolution for LS-FMM is 1.37 ± 0.47 μm and for LS-
CM is 1.56 ± 0.35 μm. 
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To find the difference between the resolution of the line-scan FMM system and line-scan CM 
system, we performed a two-sample T-test. The difference in the mean value of the x-axis 
resolution between the FMM and CM was found to be 0.546 μm with the 95% confidence 
interval from 0.765 μm to 0.328 μm. A T-test performed to test the null hypothesis in the 
difference in x-axis resolution yielded a P-value of  < 0.001. The difference in the mean value 
of the y-axis resolution between FMM and CM was found to be 0.159 μm with the 95% 
confidence interval from -0.3545 μm to 0.0355 μm. The T-test performed to test the null 
hypothesis in the difference in y-axis resolution yielded a P-value of 0.107. Thus, we report a 
significant improvement in the X-axis resolution for the FMM system. However, the 
improvement in Y-axis resolution is not very high. This can also be seen from a comparison of 
the distribution of the resolution values for the two systems along the X- and Y- axes as depicted 
in figures 6-9 and 6-10 respectively. (Statistical analysis was performed in Minitab® 17.3.1). 
 
Figure 6-9. Normal distribution of the X-axis resolution values for FMM (blue) and CM 
(red). 




Figure 6-10. Normal distribution of the Y-axis resolution values for FMM (blue) and CM 
(red). 
 It was found that the lateral resolution for the line-scan FMM images was better than the 
resolution for the line-scan CM images. This result is in agreement with theoretical studies [62] 
that show that spatial resolution for FMM systems is better compared to confocal systems. A 
boxplot is used to show the distribution of the lateral resolution data (see in Figure 6-8). On 
each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, 
the whiskers extend to the extreme data points, and outliers are shown in red. 
Axial Resolution: 
To measure the resolution along the axial direction, the projection along the XZ direction were 
selected. The XZ projection of the images (figure 6-11) was obtained by using the ‘3D project’ 
method in ImageJ. The resolution was then measured as the full width at half maximum of the 
line profile across individual beads. The mean and standard deviation of the Z-axis resolution 
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values measured for 50 different beads in the sample was found to be 3.49 ± 1.07 μm for FMM 
















Figure 6-11. X-Z projection of CM (a) and FMM (b). (c) depicts the line profile along 
the XZ direction. (d) and (e) are the zoomed in LS-CM and LS-FMM images of the 
bead shown in the red box. The XZ spread for the confocal image is significantly 
larger than for the FMM image. (f) depicts the distribution of the Z-axis resolution 
values for line-scan FMM and line-scan CM. On each box, the central mark is the 
median, the edges of the box are the 25th and 75th percentiles, the whiskers extend 
to the extreme data points, and outliers are shown in red. The mean value for the Z-
resolution was measured across 50 different beads and was found to be 3.43 ± 1.83 
μm for FMM and 5.24 ± 1.52 μm for CM. 
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To find the difference between the Z-axis resolution of the line-scan FMM system and line-
scan CM system, we performed a two-sample T-test. The difference in the mean value of the 
Z-axis resolution between the FMM and CM was found to be 1.812 μm with the 95% 
confidence interval from 0.452 μm to 3.173 μm. A T-test performed to test the null hypothesis 
in the difference in Z-axis resolution yielded a P-value of 0.011.  
Table 6-2. Resolution values for LS-FMM and LS-CM 
Resolution (μm)          X         Y           Z 
Line-Scan CM 1.96 ± 0.60 μm 1.56 ± 0.35 μm 5.24 ± 1.52 μm 
Line-Scan FMM 1.41 ± 0.34 μm 1.37 ± 0.47 μm 3.43 ± 1.83 μm 
 
Table 6-2 shows the resolution values along the three directions. Here, the X- direction is 
perpendicular to the line focus on the sample. Ideally, a line-scanning system should have 
poorer resolution in the direction parallel to the line focus, as it is no longer confocal in that 
direction [3, 4]. However, for the present system the X-axis resolution is poorer than the Y-axis 
resolution. This is because for the FMM and CM image reconstruction algorithm, a low pass 
filter is used to filter out the high-frequency modulation component. This causes a loss in the 
spatial resolution along the X-axis. The X-axis resolution can be improved by using a higher 
modulation frequency. However, a higher modulation frequency will cause a drop in the 
modulation depth, thereby causing loss of signal in the FMM image. A better and faster electro-
optic modulator will allow the acquisition at high modulation frequency while still achieving a 
high modulation depth. 
The biggest improvement in resolution was observed along the axial (Z-axis) direction. This is 
because the differential mechanism of FMM rejects the background arising from overlying and 
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underlying planes in the sample. The hourglass spreading of the image, due to single-photon 
excitation is, therefore, greatly reduced in FMM. 
Resolution Vs Depth: 
To characterize the resolution as a function of depth, a tissue phantom was used to mimic the 
scattering properties of biological tissues. The size of scatterers used in the lipofundin phantom 
was 0.265 μm. When the 500 nm beads were imaged in the scattering gel, it was found that the 
signal from the beads was too weak to measure the FWHM accurately. In order to increase the 
SNR, bigger beads (2 μm in diameter) were used in the scattering medium, to characterize the 
resolution. Bigger bead diameter allows more surface area for the fluorophore to be excited and 
therefore bigger beads can generate more signal for the same excitation power [38].   
To measure the PSF from the 2 μm beads, the 10% to 90% edge response was found for 
individual beads. The edge response is how the system responds to a sharp straight discontinuity 
(an edge), namely, the edge of a bead in the present case. The first derivative of the edge 
response was taken to find the line-spread function (LSF). The FWHM of the LSF is an estimate 
of the resolution of the system as shown in Figure 6-12.  
Figure 6-12. Left: Relation between PSF and LSF. Right: Line spread function and edge 
response. The LSF is the derivative of the edge response. [1] 
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The resolution across 5 beads at each depth was determined. The mean and standard deviation 
values for the x- and y- resolution for the LS-FMM and LS-CM images are shown in Figures 
6-11 and 6-12. The matlab code for calculating the resolution from the edge response is included 
in Appendix A.2. 
 
Figure 6-13. X-axis resolution for LS-FMM and LS-CM as a function of depth. The value 
remains fairly constant across the depth of the sample. 
We found that the resolution values remained fairly constant along the depth of the scattering 
medium. The mean x- and y-axis resolution values across the depth of the sample for LS-FMM 
and LS-CM are shown in Table 6-3. 
To find the difference between the resolution of the line-scan FMM system and line-scan CM 
system, we performed a two-sample T-test. The difference in the mean value of the x-axis 
resolution between the FMM and CM across 200 μm depth was found to be -0.02761 μm with 
the 95% confidence interval from -0.3637 μm to -0.1886 μm. A T-test performed to test the null 
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significant improvement in the x-axis resolution for the FMM system. The difference in the 
mean value of the y-axis resolution between FMM and CM was found to be -0.0726 μm with 
the 95% confidence interval from -0.1632 μm to 0.0180 μm. The T-test performed to test the 
null hypothesis in the difference in y-axis resolution yielded a P-value of 0.090. The resolution 
of the line-scan FMM system is therefore not significantly different from that of a line-scan 
confocal system. This is because of the loss of confocality along the line-focus, which is 
oriented along the Y-axis of the system. 
 
Figure 6-14. Y-axis resolution for LS-FMM and LS-CM as a function of depth. The value 
remains fairly constant across the depth of the sample, with a slight increase in the LS-
CM resolution after 150 microns. 
Table 6-3. Mean and standard deviation values for the X- and Y-axis resolution 
Resolution             X             Y 
LS-FMM 0.9406 ± 0.0099 μm 0.8295 ± 0.0055 μm 
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6.5.3 SNR and SBR  
There are two types of unwanted signals in an image, namely noise and background. Noise is 
due to the camera or imaging apparatus, whereas background arises from the sample or its 
surroundings. Unwanted light sources such as stray lights, room lights, unfiltered specular or 
diffuse reflectance etc., may contribute to the background in the image. These can be eliminated 
and/or reduced by imaging in a dark room with proper enclosures to minimize stray light and 
by using filters and anti-reflection coatings to minimize reflectance. However, the most 
significant background in a microscopic image is due to scattering of light. This gives rise to a 
background signal, which increases as one moves deeper into the sample [63]. 
There are three types of Camera noise: dark noise, read noise, and shot noise. Most scientific 
cameras have very low dark and read noise. Shot noise occurs because light travels in discrete 
packets called photons, which arrive at the camera in a steady (yet random) stream. Shot noise 
is proportional to the square root of the average rate of photons arriving at the camera regardless 
of whether they are signal or background photons. In other words, higher the background, 
greater would be the shot noise [63]. While measuring the signal-to-noise ratio for an imaging 
modality, we are mostly interested in the shot noise as it is a characteristic of the imaging 
modality, whereas dark noise, and read noise are camera specific. 
The signal-to-background ratio (SBR) and the signal-to-noise ratio are defined as follows: 








where, 𝜇𝑆𝑖𝑔is the average intensity of the signal,  𝜇𝐵𝑘is the average intensity of the background, 
and 𝜎𝐵𝑘 is the standard deviation of the background. 
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6.5.3.1 Quantification of SNR and SBR 
To measure the signal to background, and signal to noise ratio, a 3 x 3 pixel box was drawn 
over the bead of interest. The background was chosen as a 10 x 10 pixel box at a position free 
from beads. SNR was calculated as the ratio of the average signal from a bead over the standard 
deviation of the background region. SBR was calculated as the ratio of the average signal from 
a bead over the average background intensity [54, 64]. Signal to background and signal to noise 
ratios were calculated for the line-scan FMM and line-scan CM images at different depths and 
for different laser powers. The Matlab code for calculating the SNR and SBR is included in 
Appendix A.2.  
SBR Vs Depth 
 
Figure 6-15. Comparison of Signal and background intensity values for LS-FMM and LS-
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A comparison of the signal lintensity as a function of depth (Figure 6-15) shows that both the 
confocal and FMM signal intensities fall exponentially with depth. The FMM signal intensity 
is always lower than the CM signal intensity because the modulation depth is smaller than 1. 
The background intensity levels for both FMM and CM remain nearly constant across the entire 
depth of the scattering phantom. The mean intensity value of the background for CM is 229.05 
± 4.41 a.u. and for FMM it is 0.9535 ± 0.1736 a.u. 
The signal level in the line-scan confocal images (Figure 6-15) can be seen to decrease as the 
depth increases, and the background eventually starts overwhelming the signal at 120 μm. 
However, the background in the line-scan FMM images remains low as compared to the signal 
level even at 120 µm thus allowing for better contrast in the images. This results in a noticeably 
higher signal-to-background ratio for the line-scan FMM compared to the line-scan confocal 
microscope as shown in Figure 6-16. 
 
Figure 6-16. Exponential drop-off in the SBR for the LS-FMM and LS-CM systems as a 
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The drop-off in SBR with depth for the line-scan FMM and line-scan CM systems is shown in 
Figure 6-16. These values were measured at maximum laser power of 50 mW. The SBR for 
both LS-FMM and LS-CM reduces exponentially with depth. The SBR for LS-FMM drops 
from 155.61±73.56 at the coverslip to 6.41±0.5254 at 120 μm deep in the scattering phantom. 
The SBR for LS-CM is much lower at both the shallow and deep regions. It varies from 
4.65±0.87 at the coverslip to 1.10±0.0624 at 120 μm.  
 
Figure 6-17. The difference between the SBR values for FMM and CM drops off 
exponentially with depth. 
The difference between the SBR for FMM and CM is plotted as a function of depth in figure 
6.17. Again, an exponential relationship can be observed between the difference and depth. To 
find the difference between the SBR of the line-scan FMM system and line-scan CM system, 
we performed a two-sample T-test at two different depths: at shallow regions (0 to 20 μm deep) 
and at a deeper region (from 100 to 120 μm deep). The estimated difference in the mean value 
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95% confidence interval from 109.6 to 189.2. A T-test performed to test the null hypothesis in 
the difference in SBR yielded a P-value of < 0.001. The estimated difference in the SBR fell to 
8.866 (95% CI 7.114 to 10.618) for the deeper region, with a P-value of < 0.001 for the null 
hypothesis. Thus, the LS-FMM system provides an improvement of 150 to 8 times in the SBR 
compared to LS-CM depending on the depth. Even an 8 times improvement in the SBR at 
deeper regions is significant, because it would allow better contrast between the signal from the 
focal plane as opposed to that coming from other planes. (Statistical analysis was performed in 
Minitab® 17.3.1). 
SBR Vs Laser Power 
The variation in the SBR was studied for different excitation powers. The plot of SBR as a 
function of the excitation power is shown in Figure 6-18. However, note that the power shown 
here is the excitation power at the laser source. The total power reaching the sample is about 2 
times lower due to losses along the system. 
Figure 6-18. SBR as a function of laser power for LS-FMM and LS-CM images. The SBR 
curves for two different depths (shallow and deep) are shown. Mean and standard 
deviation values for the SBR are obtained from 20 beads at each depth. 




Figure 6-19. Plot of the difference in SBR for FMM and CM as a function of the laser 
power at the source. Note: The total power reaching the sample is about two times lower 
due to losses in the system. 
The SBR for the LS-FMM system improves significantly, as the laser power is increased. This 
is because more excitation power allows more fluorescence signal to be generated and hence 
more signal to be captured by the camera. The difference between the SBR for LS-FMM and 
LS-CM can be seen to increase linearly at higher laser powers (Figure 6-19).  
A two sample T-test was perfomed on the difference in SBR to test the null hypothesis. It was 
found that the difference between the SBR for laser powers above 10 mW was highly 
significant, whereas at 1 mW power the SBR values for FMM and CM were not significantly 
different. The different P-values and the estimated differences for different laser powers are 
shown in table 6-4. Statistical data was obtained using Minitab® 17.3.1. 
y = 3.2141x - 18.259
R² = 0.9712
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Table 6-4. Table of P-Values to test the null hypothesis for the difference in SBR at shallow 
regions. 
Laser Power Estimated Difference 95% Confidence Interval P-Value 





1 0.26 -0.29 0.80 0.313 
10 5.92 2.00 9.84 0.008 
20 33.74 15.27 52.21 0.003 
30 73.90 50.00 97.80 <0.001 
40 112.50 85.70 139.40 <0.001 
50 149.40 109.60 189.20 <0.001 
 
The linear increase in the difference between the SBR is because higher laser power causes an 
increase in the signal at the focal plane and a proportional increase in scattered photons due to 
which more out-of-focus light is generated. The differential mechanism of FMM allows most 
of the background to be rejected thereby leading to a higher SBR.  
SBR Vs Imaging Speed 
 
Figure 6-20. Plot of signal-to-background ratio for LS-FMM; Left: as a function of depth 
for different imaging speed; Right: as a function of imaging speed for deep and shallow 
imaging depths. 
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To test the performance of the LS-FMM at different imaging speeds, the signal-to-background 
ratio of the images of the scattering phantom at three different imaging speeds was measured, 
viz., 10 fps, 50 fps and 100 fps.  
For shallow imaging depths, the SBR for LS-FMM reduces from 190.58 ± 48.63 to 94.21± 
31.33 when the imaging speed changes from 10 fps to 100 fps. However, for deeper imaging 
depths, the SBR remains nearly constant at 12.34 ± 1.08 across the three imaging speeds. The 
SBR values for LS-CM are poorer than LS-FMM for all three imaging speeds.  
SNR Vs Depth 
 
Figure 6-21. Comparison of Signal and noise intensity values for LS-FMM and LS-SM. 
The dashed lines depict the noise intensities. 
It was found that the noise level for both LS-FMM and LS-CM remains nearly constant across 
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5.0249 ± 1.84, while that for LS-FMM was 1.14 ± 0.1157. However, the signal-to-noise ratio 
for LS-CM was found to be higher than for LS-FMM because of higher signal levels. As, FMM 
uses a differential technique for image reconstruction; the signal intensity is always lower 
compared to confocal microscopy. The SNR for LS-FMM varies from 115.99 ± 16.49 for 
shallow depths (Depth = 10 μm) to 5.82 ± 1.912 for depth = 120 μm (Figure 6.22).  
 
Figure 6-22. SNR drop-off as a function of depth at laser power = 50 mW for the LS-FMM 
and LS-CM system.  
To find the difference between the SNR of the line-scan FMM system and line-scan CM system, 
we performed a two-sample T-test at two different depths: at shallow regions (0 to 20 μm deep) 
and at a deeper region (from 100 to 120 μm deep). The estimated difference in the mean value 
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95% confidence interval from 49.7 to 151.4. A T-test performed to test the null hypothesis in 
the difference in SNR yielded a P-value of 0.001. The estimated difference in the SBR fell to 
48.97 (95% CI 44.23 to 53.71) for the deeper region, with a P-value of < 0.001 for the null 
hypothesis. Thus, the SNR for the LS-FMM system is poorer than the SNR for the LS-CM. 
However, the SNR for the LS-FMM can be seen to improve in comparison to the SNR of the 
LS-CM in deeper regions. (Statistical analysis was performed in Minitab® 17.3.1). 
SNR Vs Laser Power 
 
Figure 6-23. SNR as a function of laser power for LS-FMM and LS-CM images. The SNR 
curves for two different depths (shallow and deep) are shown. Mean and standard 
deviation values for the SNR are obtained from 20 beads at each laser power value. 
The plot of SNR as a function of laser power is shown in Figure 6-23. The SNR for LS-FMM 
improves with increasing laser power. This is because the signal intensity level increases when 
Line Scan Focal Modulation Microscopy for Rapid Imaging of Thick Biological Samples 
78 
 
the excitation intensity is higher. The SNR for LS-FMM at higher laser powers (>20 mW) is 
similar to that of LS-CM at shallow regions.  
We calculated the difference between the SNR values for CM and FMM and plotted them as a 
function of depth for shallow (0 to 20 μm) and deep regions (95 to 115 μm) in Figure 6-24. The 
difference remains fairly constant as the laser power increases for shallow regions. However, 
for deeper regions (~100 μm from coverslip) we can observe a linear decrease in the difference 
between the SNR values for CM and FMM. This is because at higher laser power there will be 
a proportional increase in the background of the LS-CM image, which will also cause an 
increase in the noise level, whilst the SNR remains constant. However, due to the background 
rejection capability of FMM, the noise level for FMM will remain low, even at higher laser 
powers. The increase in signal level for higher laser power will therefore cause a more rapid 
increase in the SNR. 
 
Figure 6-24. Plot of the difference between the SNR for CM and FMM as a function of the 
laser power Note: The total power reaching the sample is about two times lower due to 
losses in the system. 
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Table 6-5. Table of P-Values to test the null hypothesis for the difference in SNR at shallow 
regions. 
Laser Power Estimated Difference 95% Confidence Interval P-Value 





10 96.77 89.21 104.32 <0.001 
20 81.13 67.18 95.07 <0.001 
30 91.90 69.70 114.00 <0.001 
40 114.20 78.60 149.80 <0.001 
50 100.60 49.70 151.40 0.001 
 
Table 6-6. Table of P-Values to test the null hypothesis for the difference in SNR at deep 
regions 
Laser Power Estimated Difference 95% Confidence Interval P-Value 





10 87.58 84.78 90.38 <0.001 
20 76.16 70.96 81.36 <0.001 
30 62.32 57.38 67.27 <0.001 
40 57.08 52.22 61.94 <0.001 
50 48.46 43.75 53.18 <0.001 
 
SNR Vs Imaging Speed 
The plot of SNR for imaging speeds of 10, 50 and 100 fps is shown in figure 6-25. The SNR 
for LS-FMM is about 1.5 times poorer as compared to LS-CM for all imaging speeds. The SNR 
for shallow imaging depths reduces for both LS-FMM and LS-CM as the imaging speed 
increases. This is because the integration time for the camera decreases with increasing speed 
causing a reduction in the total signal detected by the camera. The SNR is fairly constant w.r.t. 
the imaging speed for both the imaging modalities while imaging deep in the scattering media. 





This chapter describes the design and implementation of a new version of the line-scan FMM 
system. The EOM-based phase modulator was replaced with a tilting glass-plate phase 
modulator. The phase modulation was now more stable, with a consequent improvement in the 
FMM reconstruction.  
The revised system also used a new 2D CMOS camera (from QImaging). This camera has a 
very low read noise and is well suited for low light imaging. This camera is also well suited for 
high-speed image acquisitions. It was possible to demonstrate an imaging speed of 100 fps for 
an image size of 696 x 520 pixels.  
To characterize the performance of the system, its lateral and axial resolution were measured 
and compared with the resolution of the images acquired with the earlier LS-CM setup. The 
Figure 6-25. Plot of signal-to-noise ratio for LS-FMM; Left: as a function of depth for 
different imaging speeds; Right: as a function of imaging speed for deep and shallow 
imaging depths. 
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lateral resolution for LS-FMM was found to be ~1 micron whilst the axial resolution was ~3 
microns. This resolution is good enough to image cellular and subcellular organelles in 
biological tissues labelled with fluorescent probes.  
The line-scan FMM system has different resolution values along the line focus and 
perpendicular to it. It was found that the resolution of the LS-FMM is superior to the resolution 
of the LS-CM system in all three directions. The resolution of the LS-FMM system in the 
direction perpendicular to the line-focus is 0.55 μm smaller than for LS-CM. The resolution of 
the two systems is similar in the direction parallel to the line-focus. The greatest improvement 
in resolution was found to be along the axial direction. The axial resolution of the LS-FMM 
system is 1.8 times smaller than for the LS-CM system. This is one of the most important 
features of the LS-FMM, as lower axial resolution will allow better sectioning along the axial 
direction. Line-scanning confocal systems such as the Carl Zeiss 5 Live and the Meridian 
InFlight have not been very successful commercially due to their poor sectioning capability.    
 In addition, the signal-to-background ratio and the signal-to-noise ratio were measured for the 
line-scan FMM system as a function of depth, laser power, and imaging speed. To measure the 
SBR and SNR degradation with depth, a pseudo-tissue phantom was prepared with a reduced 
scattering co-efficient similar to that of a highly scattering biological tissue. It was found that 
the SBR degrades as a function of depth, however even at depths greater than 100 μm, the SBR 
is 6 times better than the SBR for LS-CM. The main reason for the higher SBR is that FMM is 
able to reject any signal arising from beads not in the focal plane. Due to this, the background 
level in a focal modulation microscope is always very low. For the line-scanning system we 
measured a background level close to zero compared to >200 a.u. for the LS-CM system. This 
low level background is maintained even at imaging depths >100 μm in the highly scattering 
tissue phantom, leading to significantly higher SBR values despite higher signal intensity values 
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for the confocal system. The low-level signal intensity in FMM is because it uses a differential 
mechanism for image formation, which causes a major portion of the total signal power to be 
cancelled out. This low-level signal intensity in FMM is why the SNR for the LS-FMM is lower 
for the LS-CM system, despite lower noise levels. Noise levels measured for the LS-FMM were 
5 times lower than the noise level for the LS-CM system. The SNR for the LS-FMM can be 
improved by using a higher modulation depth, which would help to improve the signal levels.  
The SBR and SNR for the line-scan FMM system are greater for higher laser powers. This is 
because higher laser power allows more fluorescence to be generated in the sample. However, 
as the laser power increases, not only will the emission at the focal plane increase, the 
florescence from out-of-focus planes will also increase causing a proportional increase in the 
background intensity, and therefore camera noise. Most of this background is rejected by FMM, 
which is not the case for the confocal systems. That is why rapid increase in the SBR and SNR 
is seen with increasing laser power for the LS-FMM system, as compared to the LS-CM system. 
Thus, for highly scattering tissues a higher laser power does not significantly improve the image 
quality for a line-scan confocal system. However, for the line-scan FMM system, it was possible 
to achieve better image quality by using higher power. This offers a big advantage while 
imaging sparse or low-light scattering samples, where, by using higher laser power the line-
scan system would be able to extract more details from the sample as compared to a line-scan 
confocal microscope.   
The SBR for LS-FMM drops off with imaging speed. The lowest SBR measured for the line-
scanning FMM system is 12.99 at 100 fps at 100 µm deep in the scattering tissue. This value is 
still higher than the SBR for LS-CM at low imaging depth and speed. The SNR ratio for the 
LS-FMM is about 1.5 times smaller than for the LS-CM for any imaging speed. By using a 
Chapter 6: Image-scanning FMM with glass plate modulator and 2D CCD camera 
83 
 
better phase modulator that would increase the modulation depth and by imaging at higher laser 
powers, the LS-FMM should be able to achieve a better SNR.  
It has been successfully demonstrated here, that the line-scan focal modulation microscope has 
high resolution, which will allow cellular and sub-cellular imaging. By virtue of its background 
rejection capability, it is also suitable for deep imaging. As the SBR is conserved for low light 
signals, the line-scan FMM is well suited for fast imaging. The line-scan focal modulation 
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7 LIVE ZEBRAFISH IMAGING 
7.1 Introduction 
Zebrafish has been an aquarium favourite for decades. Over the last few decades, its use for 
research has skyrocketed as it has proved to be a high-throughput in vivo vertebrate disease 
model at affordable cost. It not only has the potential to develop therapeutic approaches, but 
also has high imaging potential. Genetic screens are no longer limited to invertebrates such as 
flies, worms and yeast [24]. 
This chapter describes the reasons for selecting the zebrafish for the imaging studies, followed 
by the different imaging experiments that were carried out with the line-scan FMM system. 
7.2 Zebrafish as a Cancer / Disease Model 
Cancer research depends on the use of animal models to understand the pathogenesis of human 
disease at a cellular and molecular level, and to provide systems for developing and testing new 
therapies. The zebrafish is a recent addition to animal models of human cancer, and studies 
using this model are rapidly contributing major insights [65]. Although being much smaller, 
zebrafish are not very dissimilar from humans. They have organs which are physiologically and 
morphologically similar to humans, and hence the zebrafish is considered to be an important 
animal model in comparative biology and diseases research for humans [66]. Moreover, the 
tumours in zebrafish resemble human cancers at the histological, gene expression and genomic 
levels [65]. Hence, zebrafish allows easy accessibility of development biology at all stages. 
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Owing to its small size, large brood, and quick maturation time, the zebrafish is a favourable 
vertebrate model that is able to complement what can be achieved in other models, such as the 
mouse model and the human cell culture systems [67].  
Table 7-1. Zebrafish model: A favourable model to complement other models of human 
disease. Adapted from [66]. 
 
In live imaging model systems, light absorption and light scattering mask what can be seen 
inside the specimen, and hence live functional imaging is limited [22]. Live imaging of large 
multi-cellular organisms is often constrained by penetration depth. The attainable penetration 
depth in imaging depends largely on the optical properties of the specimen - its transparency, 
or its opacity. Most research focuses on the zebrafish's early days after fertilization, when the 
body is highly transparent, making the use of fluorescence imaging particularly advantageous 
[15]. For example, the zebrafish Danio rerio has been used as a model organism for biomedical 
Line Scan Focal Modulation Microscopy for Rapid Imaging of Thick Biological Samples 
86 
 
research owing to its high optical clarity in embryonic and larval stages [22]. This optical clarity 
allows for real-time imaging of developing pathologies [66] and advanced imaging approaches 
can play important roles in the study of zebrafish [22]. 
7.3 Line-scan FMM for Live Imaging of Zebrafish 
The high-speed and deep imaging capability of the line-scanning focal modulation microscope, 
make it an attractive tool for live imaging of the vascular function in zebrafish. 
This study aims to utilise the line-scan focal modulation microscopy (FMM) system for the 
measurement and quantification of physiological changes during the development of the 
zebrafish. Furthermore, because microcirculation plays an important role in the growth, 
metastasis, detection and treatment of tumours [68], it is imperative that this study also aims to 
obtain quantitative real-time measures of blood flow and heart rate in order to assess vascular 
function in liver cancer models. 
7.3.1 Differences in Blood Flow Velocity between Dorsal Aorta and Cardinal 
Vein 
Zebrafish form fully lumenized vessels with intact barrier function in the dorsal aorta, cardinal 
vein and intersegmental vessels, as early as 54 hours post fertilization (hpf) [69]. Blood flow in 
the dorsal aorta and cardinal vein was measured in transgenic fish model Tg(fli1:EGFP; 
gata1:DsRed) at 100 fps. Blood flow velocities in the dorsal aorta and the cardinal vein were 
then analysed. 
For imaging, the zebrafish were placed on #0 glass bottomed dish (MatTek, P35G-0-10-C) and 
then positioned in the lateral orientation. 2% low melting point agarose at 40 degrees was added 
to the zebrafish to immobilize them. Imaging was done within an hour of fixing the zebrafish 
in agarose gel. The fish were imaged using a 20X/0.45 objective from Olympus at 5, 40 or 100 
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fps. All the fish in this study were 4-12 days post fertilization. Information about the different 
models used is detailed in Appendix A.1.  
Image processing was done using Imaris software (Bitplane, Saint Paul, MN), which allows 
tracking of individual cells. Blood flow velocity was calculated using the cell tracking function 
in the Imaris software. Red blood cells to be used for tracking were selected by size, shape, and 
intensity, followed by an autoregressive tracking algorithm provided by Imaris software, which 
assumed a continued vector for travel. In the case of a single red blood cell, this approach 
predicts the next locale for the cell in relation to the track that the cell has followed. Red 
erythrocytes which did not stay in focus or which moved into other segmental vessels were 
Figure 7-1. (Upper) Diagram showing dorsal aorta and cardinal vein in a zebrafish larva 
[52]. (Lower) Line-scan confocal image of the Tg(fli1:EGFP; gata1:DsRed) zebrafish 
acquired using a 10X/0.20 Olympus objective. A series of 3 images were merged together 
to form the full length of the zebrafish. Each image was acquired at 40 fps. Scale bar = 
0.5mm. 
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excluded from the analysis. Instantaneous flow velocity profiles for individual red erythrocytes 
were generated over a 5 second period of measurement. 
 
From Figure 7-2, it can be seen that higher blood flow velocities occurred in the dorsal aorta, 
with a mean flow velocities of 323.17 µm/s in the dorsal aorta and 192.72 µm/s in the cardinal 
vein in a 10 dpf zebrafish. The systolic and diastolic blood flow velocities are also depicted in 
Figure 7-3. 
Figure 7-4 shows the blood flow velocity in the dorsal aorta of a 4 dpf Tg(fli1:EGFP; 
gata1:DsRed) zebrafish as a function of time. The figure demonstrates that there is pulsatile 
Figure 7-2. Blood flow in the dorsal aorta (yellow arrow) and cardinal vein (pink arrow) 
in the cardinal vein of a 10 dpf  Tg(fli1:EGFP; gata1:DsRed) embryo. Blood flow in the 
dorsal aorta is faster than that in the cardinal vein. 
Figure 7-3. Average blood flow velocities in the dorsal aorta and in the cardinal vein of a 
10 dpf Tg(fli1:EGFP; gata1:DsRed) zebrafish. Imaging was done at 100 fps. 10 
erythrocytes each in the dorsal aorta and the cardinal vein were tracked and analysed. 
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motion of the erythrocytes in the dorsal aorta The periodic change in the blood flow velocity is 
caused by ventricular contraction and subsequent relaxation of the heart [70]. Velocities 
increase and decrease periodically and the graph is a periodic sawtooth wave. 
7.3.2 Liver Development in a Malignant Liver Zebrafish Model 
Liver volumes were analysed between 6 dpf and 12 dpf. Measurements were taken at 6, 7, 11 
and 12 dpf respectively in a dual transgenic fish model Tg(fabp10a:EGFP-Lc3; gata1:DsRed), 
which expresses eGFP in the malignant liver and DsRed in the erythrocytes. 
 
Figure 7-5. Line-scan confocal images of the liver. Liver of a 6 dpf without tumour (A) 
and liver of a 6 dpf (B) and (C). The malignant liver is bigger in size and also has increased 
number of blood vessels compared to the normal liver. 
Figure 7-4. Pulsatile motion observed in the blood flow in the dorsal aorta of a 4 dpf 
Tg(fli1:EGFP; gata1:DsRed) embryo. A total of 159 blood cells were tracked in the 
dorsal aorta. Graph shows a heart rate of 132 beats per minute (bpm). 
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From Figure 7-6, it can be observed that there is a rapid increase in liver volume from 6 dpf to 
11 dpf, from 459430.99 µm3 on 6 dpf to 583960.21 µm3 on 11 dpf. The liver size increases 
quite steeply from 6 dpf to 7 dpf, thereafter the increase in liver size gets less significant. A 
drop in the liver size was observed from 10 dpf to 12 dpf. The reason for the drop in liver size 
could be due to a number of reasons. Primarily, it could be because the zebrafish did not get 
and/ consuming enough food and nutrients, or that after 10 dpf the cancer may have taken a toll 
on the zebrafish. Alternately, it could be due to inherent variability in the size of the liver in 
individual zebrafish. For this study, different zebrafish were imaged each day for measurement 
of the liver volume. As such, a larger pool of zebrafish needs to be imaged and if possible, 
longitudinal studies need to be performed on the same fish for the period of the study. 
Figure 7-6. Liver volume in cancer development. Measurements taken from 6 dpf to 12 
dpf in a dual transgenic zebrafish Tg(fabp10a:EGFP-Lc3; gata1:DsRed) with liver 
tumour. The mean and standard deviation of 3 zebrafish liver volumes is shown. 
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7.4 Line-Scan FMM for Imaging Optically Thick T issues 
The line-scan FMM system is useful for imaging optically dense tissues such as the one shown 
in Figure 7-7. The image is of an eGFP expressing blood vessel near the heart. There is a rich 
network of blood vessels in this region at different planes, above and below. This leads to a 
strong background as seen in the line-scan confocal images in Figure 7-8(a). The enhanced 
background rejection capability of line-scan FMM however provides better sectioning 
capability and improved spatial resolution in both the axial and lateral direction (Figure 7-8(b)). 
In Figure 7-8, line profiles along the blue lines in the images were plotted and it is observed 
that the FMM image has better resolution. This shows that there is better depth selectivity and 
background rejection in the FMM image as compared to the CM image. In FMM, the SBR of 
the image is improved by eliminating out-of-focus fluorescence emission while preserving the 
phase-modulated fluorescence signal excited by the ballistic photons [71]. Figure 7-9 shows 
that there is a clear improvement in the signal-to-background ratio in the FMM image as 
(a) 
(b) 
Figure 7-7. Comparison of the sectioning capability of line-scan confocal (a) and line-scan 
FMM (b). This is an image of a blood vessel near the heart of a zebrafish at different focal 
depths. 
Line Scan Focal Modulation Microscopy for Rapid Imaging of Thick Biological Samples 
92 
 
compared to the CM image. Thus, line-scan FMM is able to provide not only high speed, but 
also high-resolution images.  
 
Figure 7-8. FMM (left) and CM (right) images acquired at 40 fps in the liver of a zebrafish. 
FMM image has better signal-to-background ratio. Olympus 20X/0.45 objective used for 
this image acquisition. Scale bar = 20 µm. 
7.5 Discussion 
In recent times the popularity of zebrafish as a disease model is increasing. Zebrafish as a 
disease model is gaining popularity due to a number of reasons such as high throughput, low 
cost and high molecular and genetic homologies with humans. The transparency of the early 
zebrafish embryo makes it an attractive model for in vivo imaging using optical techniques. It 
has thus been demonstrated that the use of the line-scan focal modulation microscope can be 
used for the imaging of a number of zebrafish models.  
The high-speed capability of the system allows the imaging of the flow of blood in different 
organs of the zebrafish. Blood flow was measured  in the cardinal vein and the dorsal aorta, and 
different mean and systolic and diastolic values were noted. The blood flow in the dorsal aorta 
as a function of time has a sawtooth waveform. This is due to the ventricular contractions of 
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the heart. The blood flow velocities and the heart rate measured using the line-scan FMM 
images are in agreement with the published values. 
The enhanced signal-to-background ratio of the line-scan FMM system allows higher quality 
images of optically thick organs within the zebrafish compared to line-scan confocal system. 
Cellular structures in the liver and the blood vessels can be easily resolved in the FMM images. 
Increase in the liver size and increase in the liver vasculature were observed in the liver cancer 
model compared to the normal fish liver. 
However, the zebrafish studies carried out were very limited in number. A larger pool of fish 
should be imaged in order to draw conclusions regarding morphological changes and blood 
flow patterns. An automated system for loading and positioning the fish on the microscope 
stage would allow for higher throughput and more reliable quantitative results. 
In conclusion, the high-speed of the line-scan FMM coupled with its deep imaging capability 
and high resolving power, make it an attractive tool for in vivo imaging of live zebrafish. 
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8 COMPARISON WITH 
COMMERCIAL MICROSCOPES 
8.1 Introduction 
The development of commercially available confocal systems revolutionized the field of 
fluorescence microscopy [8, 38, 72]. Biologists were no longer limited to imaging only thin 
slices of specimens. The optical sectioning capability of confocal microscopes allowed the 
rejection of out of focus light arising from planes above and below the focal plane.  
Confocal systems typically apply some type of raster-scanning mechanism, which illuminates 
the sample point-by-point. The point emissions are then imaged onto single point detectors such 
as photomultiplier tubes or onto 2-dimenesional cameras such as CCDs and CMOS. The 
imaging speed of point-scanning microscopes is limited to <30 fps.  
To improve upon the temporal resolution of confocal systems, Nipkow-type spinning disk 
microscopes were developed which allowed fast imaging acquisition speeds of >100 fps. 
However, these systems suffer from poor sectioning capability and are limited in application to 
thinly sliced biological samples.  
Line-scan confocal microscopes have also been developed to improve the temporal resolution. 
A line-scanning system uses a focused line of excitation light to scan across the specimen. By 
eliminating one dimension of scanning, the entire image acquisition speed can be increased by 
a factor 200 or 500 depending on the image size. For example, while it would take a point-
scanning confocal system 1 sec to acquire an image 512 x 512 pixels in size, a line-scanning 
system could do so in  
1
512
𝑠𝑒𝑐𝑠 = 1.95 𝑚𝑠 . However, the main shortcoming of line-scan 
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confocal microscopes is the poor axial resolution and sectioning capability as explained in 
section 2.3 of this thesis.  
Multiphoton microscopy is the current gold standard for deep imaging in biological samples. 
Multiphoton excitation occurs only when two or more photons are simultaneously absorbed by 
a fluorophore to reach the excited state. As the probability of such an event is very rare, the 
incidence of these events falls off rapidly above and below the plane of focus. In this way the 
excitation and thus the emission is confined to a thin optical section. Without the generation of 
out-of-focus fluorescence there is no need to introduce a blocking pinhole in the imaging path 
as in a confocal microscope. Thus, all of the signal generated by a sample can be collected by 
the detector and can contribute to the image [25, 73, 74].  
Point-scanning multiphoton systems are limited to imaging speeds >30 fps. Higher imaging 
speeds (>30 fps) can be achieved by techniques such as multifocus MPM and temporal 
focussing as explained in sections 2.5 and 2.6 However, such systems are extremely expensive 
due to the high power and ultra-short laser sources required to achieve excitation in the sample. 
While a solid-state single photon laser can cost up to US $ 20K, a tunable Ti:Sapphire pulsed 
laser can cost upwards of US $ 180K. The cost of specialised lasers required for fast 
multiphoton microscopy is typically > US $ 250K [38]. The cost of a multiphoton microscope 
is roughly 10-15 times the cost of a single excitation system, simply due to the more expensive 
laser source.  
A line-scan focal modulation microscope has high spatial and temporal resolution as well as 
enhanced signal-to-background ratio even at depth >100 µm. It can therefore be used as a high-
quality imaging tool. To demonstrate the imaging capability of the line-scan FMM system, we 
compared the images acquired by the system with different commercially available optical 
microscopes.  
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8.2 Comparison with a Point-scanning Confocal M icroscope 
The eGFP liver of a cancer model of the zebrafish, Tg(fabp10a:EGFP-Lc3; gata1:DsRed);  
TO(KrasG12V) [75-77], was imaged using our line-scan system and FMM and CM images were 
reconstructed. We used a 20X/0.45 objective from Olympus. The same liver was imaged using 
a point scanning confocal from Olympus FV300. The same objective was used.  
The Olympus FluoViewTM 300 [78] is a point-scanning, point-detection, confocal laser 
scanning microscope. XY scanning is performed with a pair of galvanometric mirrors, with a 
maximum pixel resolution of 2048 X 2048 pixels and each image is digitized to 4096 grey 
levels (12-bit). The FV300 has two scanning modes; the standard scanning mode acquires an 
image 256 X 256 pixels in size at 0.45 s (2.22 fps), the bidirectional high-speed scanning mode 
acquires the same size image at 0.25 s (4 fps).  
For the present studies, a Blue Argon (488 nm) laser was used for imaging the eGFP liver of 
the zebrafish. Images were acquired across a depth of 90 µm at 1 µm step size. The fast scanning 
mode was used to image at 1.1 s per frame (0.89 fps) and each image was 512 X 512 pixels in 
size. The field of view (FOV) for each image was 250 µm x 250 µm.  
The comparison of images is shown in Figure 8-1. These 3 images are from the same depth in 
the liver. It can be seen that there is a lot of blurring and shadows in the line-scan CM (c), 
whereas the point scanning confocal images (a) is free from such blurring. In comparison, the 
line-scan FMM system has good background rejection and better spatial resolution. That is why 
the line-scanning FMM and point-scanning confocal system appear similar in appearance. We 
measured the full width at half maximum of the line profile drawn across different cell 
membranes for the three imaging modalities. These were found to be 1.26 ± 0.15 μm for LS-
FMM, 2.25 ± 1.16 μm for PS-CM and 3.16 ± 0.89 μm for LS-CM. 
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The line-scan FMM and CM images were acquired at 5 fps. For a fair comparison between the 
line-scan system and the point-scan system, the two images should have been acquired at the 
same imaging speed (~1 fps). However, during imaging of live zebrafish, motion artefacts 
limited imaging at speed <5 fps, as the FMM reconstruction is very sensitive to changes in the 
focal plane. The line-scan raw images were therefore acquired at 5 fps. The total imaging depth 
was 150 µm and the image step size was 1 µm. One image per step was acquired. The 
galvanometers were operated at 5 Hz and the phase modulation frequency was set to 960 Hz. 
To enhance the signal intensity, we used a binning size of 2. The raw image size was 960 X 
540 pixels. The modulation bands were 4 pixels wide. 
Figure 8-1. Comparison of point-scanning confocal (a), line-scan FMM (b) and line-scan 
confocal (c) images of the eGFP liver of a 5 dpf zebrafish. The scale bar for all the three 
images is 20 µm. The magnified images are shown at the bottom with colour map (Red 
Hot) enhancing the contrast.  





 The LS-FMM and LS-CM images were reconstructed according to the demodulation scheme 
explained in Section 6.4. The resulting images are 240 X 540 pixels in size and the field of view 
is 98 µm X 220.5 µm.  
Comparisons were also made for the z-axis profile for the images. The mean value of the 
intensity for each image in the stack was plotted as a function of depth as shown in Figure 8-2. 
We used the ‘Plot Z axis profile’ function in ImageJ for this. The mean intensity was normalized 
to the maximum intensity in each image stack. It can be seen from Figure 8-2 that the z-axis 
profile for the LS-FMM is narrower than from the point-scanning confocal and the LS-CM. 
This signifies that the LS-FMM has lower contribution from out-of-focus light from above and 



















































































Figure 8-2. Signal intensity fall-off versus depth of imaging penetration. Here, the 
intensity values are normalized to the maximum intensity for each imaging modality. The 
orange rectangle indicates the full extent of the liver along its depth.  
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sectioning capability. This result is consistent with the theoretical results shown in Figure 2-2, 
which show that the transfer of frequencies along the axial direction for the LS-CM is 
significantly poorer compared to a point-scanning confocal microscope. 
 Comparisons were also made for the signal-to-background ratio for the three imaging 
modalities. SBR was calculated in the images shown in Figure 8-1. The signal was calculated 
as the average signal intensity in a 3 X 3 pixel box placed on the cell membrane of the 
hepatocytes. The background was calculated as the average signal intensity in a 3 X 3 pixel box 
placed inside the cell membrane of individual hepatocytes. As the Tg(fabp10a:EGFP-Lc3; 
gata1:DsRed);TO(KrasG12V) zebrafish expresses eGFP on the cell membranes of the 
hepatocytes, any signal measured inside the hepatocytes is from underlying or overlying layers 
and constitutes the background. Mean and standard deviation values for the signal and 
background were calculated from 20 different positions inside the liver. The signal-to-





















Figure 8-3. Graph indicating the SNR at three different focal planes 
within the zebrafish liver. Depth z = 89 µm is the focal plane with 
maximum signal intensity. Means and standard deviations are from 
measurements taken at 15 ROIs at each depth. 
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To compute the signal-to-noise ratio, the signal was calculated as above. Noise values were 
measured as the standard deviation of the background inside the cell membrane of the 
hepatocytes. 
The SBR and the SNR values were calculated for three different image planes: at the plane of 
maximum signal intensity (z=89 µm) and at 16 µm above (z=105 µm) and below (z=73 µm) it. 
The SBR and SNR are plotted as functions of depth in Figures 8-3 and 8-4. The SBR at each 
plane was found to be superior for the line-scan FMM system as compared to both the line-scan 
CM and the point-scan CM. The SNR for the three imaging modalities is similar. 
Table 8-1. SBR and SNR values at depth z = 89 µm 
 Olympus FV300 
(Point-scan CM) 
Line-scan CM Line-scan FMM 
SBR (dB) 17.71±5.63 8.67± 0.067 36.86±3.18 



















Figure 8-4. Graph indicating the SBR at three different focal planes within the zebrafish 
liver. Depth z = 89 µm is the focal plane with maximum signal intensity. Means and 
standard deviations are from measurements taken at 15 ROIs at each depth. 
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8.3 Comparison with a High Speed Confocal Microscope 
The blood flow in the malignant liver of a zebrafish was imaged with a Nikon A1+R. This point 
scanning confocal system uses a resonant scanner to quickly scan across the x-axis and has a 
resonance frequency of 7.8 kHz. A maximum speed of 30 fps is available for an image size of 
512 x 512 pixels. The imaging speed can be increased to 420 fps for 512 x 32 pixels. [79] 
The videos for these two image acquisitions are available at: 
https://drive.google.com/folderview?id=0B0jghFvQLbGLfmltdGdLRW53SUROci1UZnpkX
3RKWnloQkFEaDVBSUF nSWhxbm1raVU0UTQ&usp=sharing 
Figure 8-5. Blood flow in a malignant zebrafish liver obtained using (Left) Nikon A1+R 
at 60 fps. Image size is 128 X 512, (Right) line-scan FMM at 100 fps. Image size 240 X 540 
pixels. 
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The Nikon confocal image (see Figure 8-5 (Left)) was acquired at 60 fps with a 20X/0.75 Plan 
Apo objective, with a pixel size of 1.253 μm. The image size for the Nikon confocal system is 
128 X 512 pixels and the FOV is 160.38 μm X 641.54 μm. It can be seen that for the Nikon 
system, the FOV is very small while imaging at 60 fps and does not cover the entire region of 
the liver. The FOV is further reduced at higher imaging speeds as shown in Table 8-2. 
Moreover, the images are grainy and unclear as shown in the inset of Figure 8-6. The FOV and 
image size for the line-scan FMM system is bigger and the imaging speed is higher (100 fps). 
The spatial resolution of the line-scan FMM seems to be better and individual liver cells can be 
distinguished. 
Table 8-2. Comparison of image parameters for LS-FMM and Nikon A1R+ 
 Speed 
FOV  









LS-FMM 100 fps 96.00 x 216.00 36.86±3.18 42.97±9.93 1.26±0.15 μm 
Nikon 
A1R+ 
30 fps 641.54 x 641.54 12.24±0.87 30.34±10.73 3.21 μm* 
60 fps 160.38 x 641.54  11.19±5.95 22.88±10.75 4.90 μm* 
120 fps 80.19 x 641.54 7.42±1.65 17.99±7.74 5.57 μm* 
*There is no mean and standard deviation data as measurements were taken across single cells. 
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A comparison of image parameters for the LS-FMM and the Nikon A1+R at different imaging 
speeds is presented in Table 8-2. The maximum image size for the LS-FMM for any speed ≤100 
fps is 1920 x 1080 pixels. This is not the case for the Nikon A1+R system as the image size 
along one dimension needs to be reduced to achieve imaging speeds > 30 fps. This leads to a 
very limited FOV for high imaging speeds, thus making the point scanning confocal system 


























































Figure 8-6. Comparison of image sizes for images acquired with the Nikon A1+R at 
30, 60 and 120 fps. The FOV along the Y direction reduces with increasing speed. The 
line profiles along the cell membranes shown in the white box are on the right. 
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The SBR and SNR for the Nikon A1R+ images were calculated by measuring the signal and 
background intensities at 5 different locations in each image. The procedure for calculating 
SBR and SNR is explained in sections 6.5.3 and 8.2. We found that the SBR for the LS-FMM 
is three to five times better compared to the Nikon A1R+ system. In addition, the SBR for the 
Nikon A1R+ decreases with imaging speed. This is because at higher imaging speeds the 
integration time for the camera is smaller resulting in less signal being acquired. This is also 
the reason why the SNR for the LS-FMM is better than for the Nikon A1R+ images as shown 
in Table 8-2. 
Measurements were also made for the size of individual hepatocyte cell membranes at different 
imaging speeds for the Nikon A1R+. Again, it was shown that the thickness measured by the 
LS-FMM was smaller. The cell membrane thickness was measured as the FWHM of the line 
profile across individual hepatocytes seen in the images. 
8.4 Comparison with Other Imaging Modalities 
The most relevant comparison for the line-scan FMM system would have been with a 
commercial line-scanning confocal microscope and a high-speed multiphoton microscope. The 
most popular line-scanning confocal system to date has been the Carl Zeiss LSM 5 LIVE. 
However, we found out that the system has been discontinued and we could not find a system 
at NUS or A*STAR.  
Multi-focus and temporal focussing multiphoton systems are not commercially available and 
are still in the development stage. In addition, the fluorescent probes that can be imaged with 
multiphoton systems are different from the single-photon probes. Therefore, for a fair 
comparison of system performance it would have required new zebrafish models. This was out 
of the scope of this thesis. Hence, a tabular format (Table 8-3) is presented for different 
commercially available microscopes and their comparison with the LS-FMM system. 
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Table 8-3. Feature comparison: optical microscopes of sub-cellular resolution 
* Expected penetration depth for NIR wavelengths [5, 58] 
# Lower limit of the cost of a single microscope unit  
Table 8-3 above, reports the imaging speeds in terms of pixel rate, which is the maximum 















<200 μm <1 MHz 
<0.4 μm 
(lateral) and 
<2 μm (axial) 
<20 K Strong 
Multi-photon 
microscope 
1-1.5 mm <1 MHz 
<0.5 μm 
(lateral) and 
<3 μm (axial) 
>100 K Medium 
Light-sheet 
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>100 K Low 
Line-scanning 
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<20 K Strong 
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100 fps, 1920 x 1080 pixels (Full resolution FOV for the OptiMos camera) are imaged in 1 
frame. So, 1920 x 1080 = 2073600 pixels are imaged in 10 ms. Therefore, the pixel rate is 
207.36 MHz. 
The photodamage in confocal and FMM systems is high because of the use of single-photon 
excitation. In single-photon excitation, the fluorophores both above and below the focal plane 
get excited, causing an hourglass-shaped excitation pattern in the sample. This gives rise to 
greater photobleaching and phototoxicity in the sample.  
The imaging depths mentioned in the Table 8-3 above are the maximum depths attainable in 
biological tissues and have been reported for NIR light. The scattering co-efficient of biological 
tissues decreases when the wavelength changes from the visible to the NIR range. This allows 
greater imaging depths. 
The cost of the line-scan FMM system is estimated to be similar to a confocal system as both 
systems use the same type of excitation laser (single-photon) and similar electrical and optical 
components. The cylindrical lens, electro-optic modulator and polarizers, are the only 
components that are required to build a line-scan FMM system, in addition to the optical setup 
of a confocal microscope. The cost of these components is negligible (<1K US$) compared to 
the total cost of the system. 
8.5 Discussion 
A comparison was made for the image quality of the line-scanning FMM system with 
commercially available confocal systems. Two confocal systems were chosen for this study: a 
slow point-scanning Olympus confocal system, and a fast point-scanning Nikon A1R+. The 
Olympus system was chosen because of its popularity amongst researchers as the system of 
choice for confocal imaging. The Nikon A1R+ on the other hand is the current state-of-the art 
for high-speed confocal systems using resonant scanners. 
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For comparison of the performance of the three systems, images were acquired for liver of a 
malignant transgenic zebrafish model. The malignant liver of a zebrafish is optically thick due 
to increased cell growth giving rise to a dense tumour mass. It is therefore a good model to 
study the degradation of SBR and SNR as a function of depth. Care was taken that the same 
fish was used for imaging. Where it was not possible to image the same fish, it was ensured that 
the age of the fish being imaged were the same. Fish were also chosen whose livers had similar 
fluorescent signal values and similar sizes.  
The SBR and SNR for line-scan FMM system was found to be superior compared to both the 
commercial confocal systems. This is because the differential mechanism of FMM rejects the 
background in optically thick tissues. The SBR for the line-scan FMM system operated at 100 
fps was found to be 5 times better than for the confocal systems at similar speeds. Similarly, 
the SNR was about 2 times greater than for the confocal systems at 100 fps imaging speed.   
It was also found that the spatial resolution of the line-scanning FMM is comparable to the 
resolution of point-scanning confocal systems at imaging speeds of  <30 fps. However, at higher 
imaging speeds, the resolution is about 2 times better. This is because due to the enhanced 
background rejection in FMM, the blurring due to scattering of light is greatly reduced, giving 
rise to sharper images.  
The line-scan FMM system also has advantages over the multiphoton microscope because it 
allows deep imaging while using a single-photon laser. Therefore, the cost of the LS-FMM is a 
mere 1/10th the cost of a multiphoton microscope. The cost of a fast multiphoton microscope 
would be even greater.  
In summary, the performance of the line-scan focal modulation microscope is superior to 
confocal microscopes in terms of spatial and temporal resolution and depth of imaging. The 
system is also a low cost alternative to multiphoton microscopes. 
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9 CONCLUSION AND FUTURE 
DIRECTIONS 
9.1 Introduction 
This chapter commences with a summary on the work done and the results achieved in this PhD 
project. In addition, suggestions for the future development of the system are presented.  
9.2 Summary 
The beginning of this study laid the motivation for developing the line-scan focal modulation 
microscope. From literature review, it is obvious that there is a need for an imaging system that 
can achieve high temporal and spatial resolution at imaging depths greater than a few hundred 
microns. Such a system would facilitate in vivo imaging in different animal models such as 
zebrafish, fruit flies, and mice. 
Three different versions of the line-scanning FMM system have been described along with a 
validation of their imaging capabilities by imaging real life biological samples. The first version 
used a novel EOM-based phase modulator and a line camera for image capture. However, the 
high read noise of the line camera made it difficult for this system to be used for imaging 
fluorescent samples at speeds greater than 1 fps. 
The second version of the line-scan FMM used a second galvanometer scanner to scan the line 
image of the sample onto a 2D CCD camera. With this system, it was possible to achieve a 
maximum speed of 40 fps for an image size of 696 X 520 pixels. However, unstable EOM 
performance resulted in uneven modulation depth and therefore poor image reconstruction. 
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In the third version of the system, the phase modulator was replaced with a tilting glass-plate 
modulator, which has more stable performance. The camera was also replaced with a faster and 
more sensitive CMOS camera. With this system, it was possible to achieve a speed of 100 fps 
for an image size of 696 X 540 pixels. System performance was quantified by imaging 
fluorescent beads in a scattering gel, and it was found that the SBR was high even at imaging 
depth >100 µm.  
The line-scan FMM was used for real-time, live imaging in different models of zebrafish. Blood 
flow velocities and heartbeat rate measured from the images were found to agree with published 
values, thereby validating the performance of the system.  
Comparison of the line-scan FMM images with point scanning confocal systems showed that 
the sectioning capability of FMM was superior. The line-scan FMM system is one of a kind as 
it is able to provide three improvements to the image quality, namely high spatial resolution, 
high temporal resolution and deep penetration capability by virtue of its enhanced SBR. 
9.3 Future Work 
9.3.1 Fundamental Studies 
Theoretical studies are required to explore and validate the line-scan FMM value and advantage. 
In order to gain further insights into mechanism underlying FMM, in depth theoretical studies 
on the coherence model with tissue should be done. Optimal operation parameters should also 
be uncovered to maximise FMM potential. Further analysis could be done in the following 
areas. 
PSF of line-scan FMM: The PSF for line-scan FMM should be derived using Monte Carlo 
simulations using multiple scattered light. The PSF along and parallel to the line focus will be 
different and needs to be derived. 
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Aberration effect on line-scan FMM: The derivation of FMM OTF and PSF derived in Chapter 
3 assumes an aberration free system. However, in practice, laser light focused into a specimen 
of finite thickness, will incur aberration, resulting in wavefront distortion. This distortion is the 
consequence of the refractive index mismatch between medium and specimen. Wavefront 
distortion alters the phase of the light field and in turn modifies the point-spread function. In 
FMM, the spatial profile of the illumination and detection PSF are correlated to the modulation 
strength. With increasing aberration, the broadened yet reduced PSF would likely produce 
attenuated modulation strength and affect the imaging performance drastically. 
9.3.2 Design of an Automated Zebrafish Sample Stage 
Design and fabrication of an automated sample stage would allow the line-scan FMM to be 
used for high throughput studies on zebrafish. This can provide a platform for the evaluation of 
a number of biological studies such as the efficacy of different drugs, functional neuronal 
imaging, as well as developmental studies. 
9.3.3 Novel Imaging Techniques 
FMM works by enhancing the signal to background ratio. It can therefore also be applied to 
nonlinear techniques such as SHG, THG and MPM to improve the penetration depth and SBR.  
Application of FMM to other imaging modalities such as fluorescence correlation spectroscopy 
and photoacoustic microscopy. 
 xviii 
BIBLIOGRAPHY 
1. Oron, D., E. Tal, and Y. Silberberg, Scanningless depth-resolved microscopy. Opt 
Express, 2005. 13(5): p. 1468-76. 




3. Im, K.B., et al., Simple high-speed confocal line-scanning microscope. Optics Express, 
2005. 13(13): p. 5151-5156. 
4. Wolleschensky, R., B. Zimmermann, and M. Kempe, High-speed confocal fluorescence 
imaging with a novel line scanning microscope. J Biomed Opt, 2006. 11(6): p. 
064011. 
5. Chen, N., C.H. Wong, and C.J. Sheppard, Focal modulation microscopy. Opt Express, 
2008. 16(23): p. 18764-9. 
6. Fischer, R.S., et al., Microscopy in 3D: a biologist's toolbox. Trends Cell Biol, 2011. 
21(12): p. 682-91. 
7. Padfield, D.R., et al., Spatio-temporal cell cycle analysis using 3D level set 
segmentation of unstained nuclei in line scan confocal fluorescence images. 2006 3rd 
Ieee International Symposium on Biomedical Imaging: Macro to Nano, Vols 1-3, 
2006: p. 1036-1039. 
8. Brakenhoff, G.J., et al., Three-dimensional chromatin distribution in neuroblastoma 
nuclei shown by confocal scanning laser microscopy. Nature, 1985. 317(6039): p. 
748-9. 
9. Sebille, S., et al., Calcium sparks in muscle cells: interactive procedures for automatic 
detection and measurements on line-scan confocal images series. Computer Methods 
and Programs in Biomedicine, 2005. 77(1): p. 57-70. 
10. White, J.G., W.B. Amos, and M. Fordham, An evaluation of confocal versus 
conventional imaging of biological structures by fluorescence light microscopy. J Cell 
Biol, 1987. 105(1): p. 41-8. 
 xix 
11. Grienberger, C. and A. Konnerth, Imaging calcium in neurons. Neuron, 2012. 73(5): p. 
862-85. 
12. Wilt, B.A., et al., Advances in light microscopy for neuroscience. Annu Rev Neurosci, 
2009. 32: p. 435-506. 
13. Squirrell, J.M., et al., Long-term two-photon fluorescence imaging of mammalian 
embryos without compromising viability. Nat Biotechnol, 1999. 17(8): p. 763-7. 
14. Sun, C.K., et al., Higher harmonic generation microscopy for developmental biology. 
Journal of Structural Biology, 2004. 147(1): p. 19-30. 
15. Ignatius, M.S. and D.M. Langenau, Fluorescent imaging of cancer in zebrafish. 
Methods in cell biology, 2011. 105: p. 437. 
16. Vakoc, B.J., et al., Three-dimensional microscopy of the tumor microenvironment in 
vivo using optical frequency domain imaging. Nature Medicine, 2009. 15(10): p. 
1219-U151. 
17. Weissleder, R. and M.J. Pittet, Imaging in the era of molecular oncology. Nature, 2008. 
452(7187): p. 580-589. 
18. Gligorijevic, B., et al., Spinning disk confocal microscopy of live, intraerythrocytic 
malarial parasites. 2. Altered vacuolar volume regulation in drug resistant malaria. 
Biochemistry, 2006. 45(41): p. 12411-12423. 
19. Starkuviene, V. and R. Pepperkok, The potential of high-content high-throughput 
microscopy in drug discovery. Br J Pharmacol, 2007. 152(1): p. 62-71. 
20. Chen, N. and G. Gao, Multi-contrast focal modulation microscopy for in vivo imaging 
of thick biological tissues. Opt Express, 2012. 20(11): p. 12166-70. 
21. Horton, N.G., et al., In Vivo Three-Photon Microscopy of Subcortical Structures within 
an Intact Mouse Brain. 2012 Conference on Lasers and Electro-Optics (Cleo), 2012. 
22. Keller, P.J., In vivo imaging of zebrafish embryogenesis. Methods, 2013. 62(3): p. 268-
278. 
23. Rajadhyaksha, M., et al., In vivo confocal scanning laser microscopy of human skin II: 
advances in instrumentation and comparison with histology. J Invest Dermatol, 1999. 
113(3): p. 293-303. 
24. Zon, L.I. and R.T. Peterson, In vivo drug discovery in the zebrafish. Nature reviews 
Drug discovery, 2005. 4(1): p. 35-44. 
25. Helmchen, F. and W. Denk, Deep tissue two-photon microscopy. Nat Methods, 2005. 
2(12): p. 932-40. 
26. Cheong, W.F., S.A. Prahl, and A.J. Welch, A Review of the Optical-Properties of 
Biological Tissues. Ieee Journal of Quantum Electronics, 1990. 26(12): p. 2166-2185. 
27. Hawkes, P.W., Theory and Practice of Scanning Optical Microscopy - Wilson,T, 
Sheppard,C. Nature, 1984. 312(5992): p. 384-385. 
28. Leray, A., K. Lillis, and J. Mertz, Enhanced background rejection in thick tissue with 
differential-aberration two-photon microscopy. Biophys J, 2008. 94(4): p. 1449-58. 
29. Chong, S.P., et al., High-speed focal modulation microscopy using acousto-optical 
modulators. Biomed Opt Express, 2010. 1(3): p. 1026-1037. 
 xx 
30. Oheim, M., et al., Two-photon microscopy in brain tissue: parameters influencing the 
imaging depth (vol 111, pg 29, 2001). Journal of Neuroscience Methods, 2001. 112(2): 
p. 205-205. 
31. Svoboda, K., et al., Spread of dendritic excitation in layer 2/3 pyramidal neurons in rat 
barrel cortex in vivo. Nat Neurosci, 1999. 2(1): p. 65-73. 
32. Theer, P., M.T. Hasan, and W. Denk, Two-photon imaging to a depth of 1000 microm in 
living brains by use of a Ti:Al2O3 regenerative amplifier. Opt Lett, 2003. 28(12): p. 
1022-4. 
33. Minsky, M., Memoir on Inventing the Confocal Scanning Microscope. Scanning, 1988. 
10(4): p. 128-138. 
34. Kobat, D., et al., Deep tissue multiphoton microscopy using longer wavelength 
excitation. Optics Express, 2009. 17(16): p. 13354-13364. 
35. Ntziachristos, V., Going deeper than microscopy: the optical imaging frontier in 
biology. Nature Methods, 2010. 7(8): p. 603-614. 
36. Wong, C.H., et al., Simple spatial phase modulator for focal modulation microscopy. 
Appl Opt, 2009. 48(17): p. 3237-42. 
37. Schroeder, T., Imaging stem-cell-driven regeneration in mammals. Nature, 2008. 
453(7193): p. 345-51. 
38. Pawley, J.B., Handbook of biological confocal microscopy. 3rd ed. 2006, New York, 
NY: Springer. xxviii, 985 p. 
39. Sheppard, C., D. Shotton, and Royal Microscopical Society (Great Britain), Confocal 
laser scanning microscopy. Microscopy handbooks. 1997, Oxford, UK BIOS 
Scientific Publishers ; New York, NY, USA: Springer. xii, 106 p. 
40. Graf, R., J. Rietdorf, and T. Zimmermann, Live cell spinning disk microscopy. 
Microscopy Techniques, 2005. 95: p. 57-75. 
41. Nakano, A., Spinning-disk confocal microscopy - A cutting-edge tool for imaging of 
membrane traffic. Cell Structure and Function, 2002. 27(5): p. 349-355. 
42. Wang, E., C.M. Babbey, and K.W. Dunn, Performance comparison between the high-
speed Yokogawa spinning disc confocal system and single-point scanning confocal 
systems. Journal of Microscopy-Oxford, 2005. 218: p. 148-159. 
43. Callamaras, N. and I. Parker, Construction of line-scan confocal microscope for 
physiological recording. Confocal Microscopy, 1999. 307: p. 152-169. 
44. Glazowski, C., S. Abeytunge, and M. Rajadhyaksha, Real-time line-scanning 
reflectance confocal endoscope to enhance sectioning and reduce speckle for intraoral 
imaging. Photonic Therapeutics and Diagnostics Viii, Pts 1 and 2, 2012. 8207. 
45. Han, S.M., et al., High speed slit-scanning confocal laser microscopy with an acousto-
optic beam deflector and a line scan camera. Three-Dimensional and 
Multidimensional Microscopy: Image Acquisition and Processing XII, 2005. 5701: p. 
164-171. 
46. Jeong, H.W., et al., High-speed dual-beam, crossed line-scanning fluorescence 
microscope with a point confocal resolution. Applied Optics, 2015. 54(12): p. 3811-
3816. 
 xxi 
47. Li, Y.G. and X.C. Yao, Rapid Line-Scan Confocal Imaging of Retinal Activation. 
Ophthalmic Technologies Xx, 2010. 7550. 
48. Mei, E., et al., A line scanning confocal fluorescent microscope using a CMOS rolling 
shutter as an adjustable aperture. Journal of Microscopy, 2012. 247(3): p. 269-276. 
49. Qi, J. and W.C. Shih, Performance of line-scan Raman microscopy for high-throughput 
chemical imaging of cell population. Appl Opt, 2014. 53(13): p. 2881-5. 
50. Huisken, J. and D.Y.R. Stainier, Even fluorescence excitation by multidirectional 
selective plane illumination microscopy (mSPIM). Optics Letters, 2007. 32(17): p. 
2608-2610. 
51. Huisken, J., et al., Optical sectioning deep inside live embryos by selective plane 
illumination microscopy. Science, 2004. 305(5686): p. 1007-1009. 
52. Weber, M. and J. Huisken, Light sheet microscopy for real-time developmental biology. 
Curr Opin Genet Dev, 2011. 21(5): p. 566-72. 
53. Lavagnino, Z., F.C. Zanacchi, and A. Diaspro, Two-Photon Excitation and Selective 
Plane Illumination Microscopy: A Combination to Minimize Scattering Effects While 
Imaging Thick Samples. Biophysical Journal, 2013. 104(2): p. 670a-670a. 
54. Lavagnino, Z., et al., Two-photon excitation selective plane illumination microscopy 
(2PE-SPIM) of highly scattering samples: characterization and application. Optics 
Express, 2013. 21(5): p. 5998-6008. 
55. Chang, C.Y., et al., Wavefront sensorless adaptive optics temporal focusing-based 
multiphoton microscopy. Biomed Opt Express, 2014. 5(6): p. 1768-77. 
56. Zhu, G., et al., Simultaneous spatial and temporal focusing of femtosecond pulses. Opt 
Express, 2005. 13(6): p. 2153-9. 
57. N. G. Chen, G.G.a.S.P.C., Focal Modulation Microscopy: Principle and Techniques, in 
Molecular Imaging, Bernhard Schaller (Ed.). InTech. 
58. Chong, S.P., et al., Focal modulation microscopy: a theoretical study. Opt Lett, 2010. 
35(11): p. 1804-6. 
59. Gao, G., et al., Considerations of aperture configuration in focal modulation 
microscopy from the standpoint of modulation depth. J Opt Soc Am A Opt Image Sci 
Vis, 2011. 28(4): p. 496-501. 
60. Welschmeyer, N.A., Fluorometric Analysis of Chlorophyll-a in the Presence of 
Chlorophyll-B and Pheopigments. Limnology and Oceanography, 1994. 39(8): p. 
1985-1992. 
61. Jacques, S.L., Optical properties of biological tissues: a review. Phys Med Biol, 2013. 
58(11): p. R37-61. 
62. Gong, W., et al., Improved spatial resolution in fluorescence focal modulation 
microscopy. Opt Lett, 2009. 34(22): p. 3508-10. 
63. McCall, B. FLUORESCENCE MICROSCOPY/QUANTITATIVE IMAGING: A systems-





64. Kobat, D., N.G. Horton, and C. Xu, In vivo two-photon microscopy to 1.6-mm depth in 
mouse cortex. J Biomed Opt, 2011. 16(10): p. 106014. 
65. White, R., K. Rose, and L. Zon, Zebrafish cancer: the state of the art and the path 
forward. Nature Reviews Cancer, 2013. 13(9): p. 624-636. 
66. Lieschke, G.J. and P.D. Currie, Animal models of human disease: zebrafish swim into 
view. Nature Reviews Genetics, 2007. 8(5): p. 353-367. 
67. Yen, J., R.M. White, and D.L. Stemple, Zebrafish models of cancer: progress and 
future challenges. Current opinion in genetics & development, 2014. 24: p. 38-45. 
68. Jain, R.K., Determinants of tumor blood flow: a review. Cancer research, 1988. 48(10): 
p. 2641-2658. 
69. Montero-Balaguer, M., et al., Stable vascular connections and remodeling require full 
expression of VE-cadherin in zebrafish embryos. PLoS One, 2009. 4(6): p. e5772. 
70. Malone, M.H., et al., Laser-scanning velocimetry: a confocal microscopy method for 
quantitative measurement of cardiovascular performance in zebrafish embryos and 
larvae. BMC biotechnology, 2007. 7(1): p. 40. 
71. Chen, N., G. Gao, and S.P. Chong, Focal Modulation Microscopy: Principle and 
Techniques. 2012: INTECH Open Access Publisher. 
72. Centonze, V.E. and J.G. White, Multiphoton excitation provides optical sections from 
deeper within scattering specimens than confocal imaging. Biophysical Journal, 1998. 
75(4): p. 2015-2024. 
73. Denk, W., J.H. Strickler, and W.W. Webb, Two-photon laser scanning fluorescence 
microscopy. Science, 1990. 248(4951): p. 73-6. 
74. Denk, W. and K. Svoboda, Photon upmanship: Why multiphoton imaging is more than 
a gimmick. Neuron, 1997. 18(3): p. 351-357. 
75. Traver, D., et al., Transplantation and in vivo imaging of multilineage engraftment in 
zebrafish bloodless mutants. Nature Immunology, 2003. 4(12): p. 1238-1246. 
76. Chew, T.W., et al., Crosstalk of Ras and Rho: activation of RhoA abates Kras-induced 
liver tumorigenesis in transgenic zebrafish models. Oncogene, 2014. 33(21): p. 2717-
2727. 
77. Cui, J.Z., et al., Generation of transgenic zebrafish with liver-specific expression of 
EGFP-Lc3: A new in vivo model for investigation of liver autophagy. Biochemical and 
Biophysical Research Communications, 2012. 422(2): p. 268-273. 
78. Olympus America. FluoviewTM 300 confocal microscope. Available from: 
http://www.olympusamerica.com/seg_section/seg_product_print.asp?product=133. 
79. Nikon Instruments Inc. A1R+ Resonant Scanning Confocal System. 2016; Available 
from: https://www.nikoninstruments.com/Products/Confocal-Microscopes/A1R. 
80. Westerfield, M., The zebrafish book: a guide for the laboratory use of zebrafish (Danio 
rerio). 2000: University of Oregon Press. 
81. Lawson, N.D. and B.M. Weinstein, In vivo imaging of embryonic vascular development 
using transgenic zebrafish. Developmental Biology, 2002. 248(2): p. 307-318. 
 xxiii 
82. Cui, J.Z., Z.Y. Gong, and H.M. Shen, The role of autophagy in liver cancer: Molecular 
mechanisms and potential therapeutic targets. Biochimica Et Biophysica Acta-
Reviews on Cancer, 2013. 1836(1): p. 15-26. 
83. Korzh, S., et al., Requirement of vasculogenesis and blood circulation in late stages of 
liver growth in zebrafish. Bmc Developmental Biology, 2008. 8. 
84. Contini, D., et al., Imaging of highly turbid media by the absorption method. Applied 
Optics, 1996. 35(13): p. 2315-2324. 
85. Prerana, M.R. Shenoy, and B.P. Pal, Method to determine the optical properties of 
turbid media. Applied Optics, 2008. 47(17): p. 3216-3220. 
86. Lutz, O., et al., Fat Emulsion Particle-Size - Influence on the Clearance Rate and the 
Tissue Lipolytic-Activity. American Journal of Clinical Nutrition, 1989. 50(6): p. 
1370-1381. 
87. Akkar, A. and R.H. Muller, Formulation of intravenous carbamazepine emulsions by 




A.1 ZEBRAFISH MODELS ............................................................................................................................................................. XXV 
A.2 SCATTERING PROPERTIES OF TISSUE PHANTOM ........................................................................................................... XXVII 
A.3 MATLAB CODES .................................................................................................................................................................. XXIX 
A.4 PUBLICATION LIST FOR THIS WORK ................................................................................................................................ XXXI 





A.1 ZEBRAFISH MODELS 
Zebrafish were maintained in the fish facilities at the Department of Biological Sciences, 
National University of Singapore (NUS) according to established protocols [80] and in 
compliance with Institutional Animal Care and Use Committee (IACUC) guidelines. 
For imaging, the zebrafish were placed on #0 glass bottomed dish (MatTek, P35G-0-10-C) and 
then positioned in the lateral orientation. 2% low melting point agarose at 40 degrees was added 
to the zebrafish to immobilize them. Imaging was done within an hour of fixing the zebrafish 
in agarose gel. The fish were imaged using a 20X/0.45 objective from Olympus at 5, 40, or 100 
fps. 
4 to 12 days-post-fertilization (dpf) fish were used for imaging. All the fish models were 
developed by Ms Li Caixia, a PhD student at the Zebrafish Molecular Biology Lab in the 
Department of Biological Sciences, National University of Singapore. The different models 
used are as follows:  
1. Tg(fli1:EGFP; gata1:DsRed) 
This line was obtained by mating Tg(fli1:EGFP) with Tg(gata1:DsRed). Transgenic line 
Tg(fli1:EGFP) has GFP-labelled blood vessels [81] while transgenic line Tg(gata1:DsRed) 
expresses DsRed labelling on all stages of erythrocytes [75]. Thus, observations in the blood 
vessels were made in transgenic line Tg(fli1:EGFP; gata1:DsRed) which had both GFP-labelled 
blood vessels and DsRed-labelled erythrocytes. 
2. Tg(fabp10a:EGFP-Lc3; gata1:DsRed) 
This fish was obtained by mating Tg(fabp10a:EGFP-Lc3) with Tg(gata1:DsRed). Transgenic 
line Tg(fabp10a:EGFP-Lc3) has eGFP expression in the liver[82]. Tg(gata1:DsRed) has been 
previously described. This line was imaged to study the blood flow in normal zebrafish liver, 
which has eGFP expression in the liver and DsRed expression in the erythrocytes. 
 xxvi 
3. Tg(fabp10a:EGFP-Lc3; gata1:DsRed);TO(KrasG12V) 
This line is cross between Tg(fabp10a:EGFP-Lc3; gata1:DsRed) and TO(KrasG12V). Transgenic 
line Tg(fabp10a:EGFP-Lc3; gata1:DsRed) has been previously described. The TO(KrasG12V) 
fish has a significant tumour formed in the liver due to a strong oncogenic effect by Kras12V, 
the mutant form of gene Kras [76]. This mutant oncogene is expressed only upon addition of 
inducer doxycycline and a significant tumour is formed within a few days in the larvae. In our 
experiments, 25 µg/mL of doxycycline was added after the embryos hatched.  
This fish expresses eGFP in the liver tumour and DsRed in the blood cells.  
4. LiPan, or Tg (fabp10a:DsRed; elaA:EGFP) 
This line has liver-specific expression of DsRed and exocrine pancreas-specific expression of 
eGFP [83]. Liver vasculogenesis starts at 55-58 hours post fertilization (hpf) and blood 
circulation starts approximately 72 hpf.  
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A.2 SCATTERING PROPERTIES OF TISSUE PHANTOM  
The Lipofundin emulsion was purchased from Lipofundin MCT/LCT 20%, B.Braun 
Melsungen AG, Germany. Every 1000 ml of Lipofundin emulsion contains  
 Oil: Soya oil 100.0 g  
 Phospholipids: Egg Lecithin 12.0 g  
 Isotonic substance: Glycerol 25.0 g  
 Medium-chain Triglycerides: 100.0 g  
The physical parameters are [84-86] :  
 Particles size in 20% emulsion: ~ 265 um;  
 Number of particles for 20% MCT: ~ 140 × 1015 /Litre.  
To use Mie calculator, a real refractive index of 1.46 and an imaginary refractive index of zero 
were selected (see Table A-1) for Lipofundin emulsion [87]. According to the calculation 
results (see Table A-2), the isotropic scattering factor g is about 0.72, which gives a reduced 
scattering coefficient approximately of ' μs = (1- g ) × μ s = (1- 0.72) × 226.7 cm-1 = 63.5 cm-1. 
The overall absorption coefficient of the Lipofundin solution is solely contributed by distilled 
water, which is approximately of 0.00017 cm-1 at 488 nm at room temperature. 
Table A- 1 Input parameters for Mie scattering calculator 
Parameters Value Unit 
Sphere Diameter 0.265 microns 
Refractive Index of Medium 1.3316  
Real Refractive Index of Sphere 1.46  
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Imaginary Refractive Index of Sphere 0  
Wavelength in Vacuum 0.488 microns 
Concentration 5.6* spheres/micron3 
 
Table A- 2 Calculated results for Mie scattering calculator 
Parameters Value Unit 
Wavelength in Medium 0.36648 microns 
Size Parameter 2.2717  
Average Cosine of Phase Function 0.7155  
Scattering Efficiency 0.073412  
Extinction Efficiency 0.073412  
Backscattering Efficiency 0.0017231  
Scattering Cross Section 0.004049 micron2 
Extinction Cross Section 0.004049 micron2 
Backscattering Cross Section 9.5037e-05 micron2 
Scattering Coefficient 22.674 mm-1 
Total Attenuation Coefficient 22.674 mm-1 
*4% Lipofundin solution × (140×1015/litre) = 5.6 sphere/um3 
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A.3 MATLAB CODES 
Code for FMM and CM reconstruction 




for depth = 1:150 
    cd(['E:\FMM images from C drive\15-12-
15\HeartFish5\1umstep_50fps_40X_zoom2\image1_' num2str(depth)]); 
    r1 = zeros(1080,1920); 
    %r1 = zeros(1920,1080); 
    for frame = 1:40 
        r2 = double(imread(['image1_' num2str(depth) '_MMStack.ome.tif'],frame)); 
        %r1 = r2.'; 
        r1f = fft2(r2); 
        %figure; imagesc(log10(abs(r1f))); colorbar; 
        reff = r1f; 
        reff(:,[1:310 320:end-320 end-310:end])=0; 
        reff(4:1076,:) = 0; 
        m1 = real(ifft2(reff)); 
        m1 = sign(m1); 
 
        r1fa = r1f; 
        r1fa(:,[150:1784])=0; 
        r1f(:,[1:150 450:1484 1784:end])=0; 
        r1a = real(ifft2(r1f)); 
        temp = conv2(r1a.*m1,ones(3,12)/3/12); 
        temp1 = real(ifft2(r1fa)); 
 
        fmm(:,:,frame) = imresize(temp(301:700,:), [400 480], 'bilinear'); 
        cm(:,:,frame) = imresize(temp1(301:700,:), [400 480], 'bilinear'); 
    end 
 
    cd(['E:\FMM images from C drive\15-12-15\HeartFish5\1umstep_50fps_40X_zoom2']); 
    CM = mat2gray(cm,[0 800]); 
    imwrite(CM(:,:,1),['CM_new_' num2str(depth) '.tif'],'tif'); 
    %imwrite(CM(:,:,1), ['CM_' num2str(depth) '.tif'],'tif'); 
    FMM = mat2gray(fmm,[0 50]); 
    imwrite(FMM(:,:,1), ['FMM_new_' num2str(depth) '.tif'], 'tif'); 
    for n=2:40 
        imwrite(CM(:,:,n),['CM_new_' num2str(depth) '.tif'],'WriteMode', 'append'); 
        imwrite(FMM(:,:,n),['FMM_new_' num2str(depth) '.tif'],'WriteMode', 
'append'); 
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Code for calculation of SBR, SNR 




for depth = 1:151 
cd(['E:\FMM images from C drive\15-12-
15\HeartFish5\1umstep_50fps_40X_zoom2\image1_' num2str(depth)]); 
    r1 = zeros(1080,1920); 
    %r1 = zeros(1920,1080); 
    for frame = 1:40 
        r2 = double(imread(['image1_' num2str(depth) '_MMStack.ome.tif'],frame)); 
        %r1 = r2.'; 
        r1f = fft2(r2); 
        %figure; imagesc(log10(abs(r1f))); colorbar; 
        reff = r1f; 
        reff(:,[1:310 320:end-320 end-310:end])=0; 
        reff(4:1076,:) = 0; 
        m1 = real(ifft2(reff)); 
        m1 = sign(m1); 
 
        r1fa = r1f; 
        r1fa(:,[150:1784])=0; 
        r1f(:,[1:150 450:1484 1784:end])=0; 
        r1a = real(ifft2(r1f)); 
        temp = conv2(r1a.*m1,ones(3,12)/3/12); 
        temp1 = real(ifft2(r1fa)); 
 
        fmm(:,:,frame) = imresize(temp(301:700,:), [400 480], 'bilinear'); 
        cm(:,:,frame) = imresize(temp1(301:700,:), [400 480], 'bilinear'); 
    end 
 
    cd(['E:\FMM images from C drive\15-12-15\HeartFish5\1umstep_50fps_40X_zoom2']); 
    CM = mat2gray(cm,[0 800]); 
    imwrite(CM(:,:,1),['CM_new_' num2str(depth) '.tif'],'tif'); 
    %imwrite(CM(:,:,1), ['CM_' num2str(depth) '.tif'],'tif'); 
    FMM = mat2gray(fmm,[0 50]); 
    imwrite(FMM(:,:,1), ['FMM_new_' num2str(depth) '.tif'], 'tif'); 
    for n=2:40 
        imwrite(CM(:,:,n),['CM_new_' num2str(depth) '.tif'],'WriteMode', 'append'); 
        imwrite(FMM(:,:,n),['FMM_new_' num2str(depth) '.tif'],'WriteMode', 
'append'); 
    end 
end 
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